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The ubiquity of single nucleotide polymorphisms (SNPs) in the human genome 
requires platforms that enable high-throughput, cost-effective and fast detection, which 
most conventional platforms fall short of. With recent advances in microfabrication 
technology, such platforms can now be realized through development of low-cost 
miniaturized devices for rapid and parallel analyses at small samples volume. Here, a 
microfluidic device incorporating monolayered beads is developed for optimizing the 
discrimination of single-nucleotide mismatches. The beads are used as solid support 
for immobilization of oligonucleotide probes containing a single-base variation. Target 
oligonucleotides hybridize to the probes, forming either perfect match (PM) or single-
nucleotide mismatched (MM) duplexes. To enable monitoring of the hybridization and 
dissociation kinetics, an imaging system is required for high sensitivity and real-time 
analysis of bead images. This is achieved by modifying an imaging system that was 
previously set up for microarray analyses in dissociation curve studies. This imaging 
system allows integration of various instruments for real-time imaging and analysis, 
which most commercial microarray softwares cannot achieve. Due to the differences 
between microarray and bead images, further modifications were made to the 
algorithms for analyzing the signals from beads. Using this imaging system for 
optimization studies, PM and MM duplexes are easily discriminated based on their 
dissociation but not hybridization kinetics under an optimized buffer composition of 
100 mM NaCl and 50% formamide. With the optimized condition, the device was 
demonstrated for rapid SNP detection within 8 min using four probes containing all 
the possible single-base variants. Despite its speedy detection, the bead-based device 
has rather limited multiplexing capabilities, due to the difficulty in identifying 
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different bead types and hence their corresponding immobilized probes. A common 
solution is to permanently color-code the beads using visible dyes, fluorophores or 
quantum dots, but this is often limited by the possible overlap between the encoder and 
reporter signals. To overcome this problem, a molecular encoding method is 
developed here that allows beads to be identified by colorimetric signatures that can 
subsequently be removed. Beads are encoded into distinct types by conjugating them 
with unique identification (ID) molecular (or oligonucleotide) probes. Direct decoding 
of the beads is performed by hybridizing each ID probe with their complementary 
target labeled with quantum dot (QD) of a particular emission wavelength. Each bead 
type thus acquires a unique colorimetric signature that allows them to be identified 
immediately, after which the signal can be removed by dissociating the targets. Using 
four different color-emitting QDs, this technique was demonstrated for step-wise 
decoding of 12 bead types on the gel-based chip, by decoding four types at a time 
through three hybridization steps. Despite its improvement over conventional color-
coding methods, this technique still suffers from the need for prior encoding of the 
beads and preparation of the targets, both of which can be time-consuming and 
laborious. Further, the number of distinct color codes achievable is still rather limited 
(< 100), due to difficulties in producing and distinguishing a large number of codes. 
There is thus a need for an alternative encoding method that is easy to implement yet 
is not limited by the problems associated with color-coding. For this, a spatially 
addressable array-on-a-chip (or bead array chip) is developed that allows arrays of 
beads to be immobilized, separated and identified without any prior encoding. Distinct 
sets of bead types are sequentially spotted onto a polymeric matrix (or gel pad) on the 
surface of a glass chip. The spotted beads are firmly immobilized to the gel pad, 
acquiring spatial codes (or addresses) that allow them to be identified. Beads can 
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further be immobilized onto hundreds or thousands of gel pads on a chip for high-
throughput detection. Optimization studies on the chip showed that PM and MM 
duplexes were easily discriminated when the hybridization buffer contained 300 mM 
NaCl and 30% formamide, and the reaction took only 10 min even without any 
microfluidics or mixing. The bead array chip was further applied for detection of 
model SNPs and bacterial species, demonstrating its efficacy as a simple, cost-
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The wealth of information provided by the DNA has intrigued scientists for 
decades as they endeavor to unravel and decipher the genetic code responsible for all 
forms of life. This information not only allows the unambiguous identification of a 
particular organism, but also allows much to be known about it, including aspects of 
its physical and physiological characteristics. In humans, one of the most important 
applications of nucleic acids analysis is the detection of single nucleotide 
polymorphisms (SNPs). SNPs are single base alterations that constitute the most 
common genetic variation among humans. About 1.4 million SNPs occurring at a 
frequency of about 1 in 1000 base pairs have been identified in the human genome [1]. 
The significance of detecting and annotating SNPs lies in their potential to relate to 
disease predispositions or drug responses in individuals [2,3], and as genetic markers 
[4,5]. Due to the large number of SNPs, methods that allow high-throughput, cost-
effective and fast detection are needed. However, traditional SNP detection methods 
such as DNA sequencing [6], single strand conformation polymorphism (SSCP) [7], 
and denaturing high-performance liquid chromatograph [8] are limited by the multiple 
steps required, long analysis time, and low throughput.  
Techniques that are performed entirely in a single solution have been 
developed to simplify the traditional methods of SNP detection. One of these is based 
on the primer extension approach, which makes use of the ability of a DNA 
polymerase to incorporate specific deoxyribonucleosides complementary to the 
template DNA for SNP analysis. These methods include the allele-specific polymerase 
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chain reaction (AS-PCR) [9,10] and single-base extension (SBE) [11]. The other major 
type of SNP detection method in solution phase is based on probe-target hybridization, 
which allows the unknown sequence of a target strand to be deciphered based on its 
ability to undergo sequence-specific binding with a complementary probe. These 
include molecular beacon genotyping [12,13] and 5’ nuclease assay [14]. Both the 
primer extension and direct hybridization methods are easier to perform than the 
traditional methods, but are still limited by their lengthy analysis times and low 
throughputs. 
The advent of microfabrication technology has enabled SNP detection to be 
miniaturized onto chip-based platforms due its benefits such as reduced sample 
requirement, portability, and the possibility of large-scale multiplexed analysis. A 
good example of this is the DNA microarray, which allows massively parallel analysis 
of nucleic acids, making it an ideal platform for high-throughput SNP genotyping. In 
this technology, cDNA or oligonucleotide probes can be precisely deposited or 
synthesized onto predefined locations within a microscopic area of a solid substrate 
[15], allowing thousands of DNA to be interrogated in a single microarray experiment. 
Despite its tremendous throughput, the planar microarray is restricted by the diffusion-
limited kinetics and electrostatic repulsion between targets and densely localized solid-
phase probes, resulting in a lengthy hybridization time (> 8 h). In addition, the amount 
of probes that can be immobilized on the planar substrate, and thus the signal-to-noise 
ratio (S/N), can be limited and this may affect the detection sensitivity and signal 
specificity [16]   
Bead-based microfluidic devices have become increasingly popular in recent 
years as an alternative chip-based platform. The integration of active fluidics in a 
bead-based microenvironment overcomes several limitations of the microarray. For 
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instance, the high surface-to-volume ratio of beads allows a larger amount of probes to 
be immobilized compared to planar microarrays, leading to amplified signals and 
improved S/N. Probes can easily be incorporated into the device using 
magnetic/electric field or fluidic flow to manipulate the carrier beads without 
complicated robotics or light-direct synthesis [17]. Beads are also inexpensive, and 
their small size further allows a reduction of the reaction volume to < 10 µL, which is 
less than half of that required in conventional microarrays [18]. Also, the introduction 
of microfluidics ensures mixing and efficient transport of targets to the bead surface 
for hybridization to be completed within minutes, 50 to 70-fold faster than 
conventional microarrays [19].  
The major challenge in developing these bead-based microfluidic devices, 
however, is the difficulty in identifying the randomly incorporated beads and their 
corresponding immobilized probes in multiplexed analyses. Several strategies have 
been employed to encode and distinguish the beads, the most common of which is 
color encoding [20]. Color encoded beads can be produced by embedding them with 
color-emitting agents (e.g. visible dyes, organic fluorophores, or semiconductor 
nanocrystals), sometimes at different ratios and intensities, to obtain a large number of 
unique codes that are subsequently decoded through visual or fluorescence detection 
[21,22].  Although such an approach is reportedly able to yield several thousand 
unique codes in theory, only up to 100 codes have been demonstrated in practice so far 
[23,24]. This is due to difficulties in mixing precise ratios of the color-emitting agents 
to achieve reproducible color codes and in distinguishing between large numbers of 
codes. Furthermore, signals from the directly impregnated color-emitting agents may 
interfere with those from the actual assay, giving rise to erroneous results that may 
include a high fraction of false positive signals. The process of encoding the beads into 
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the different colors, followed by decoding them within the device, is also time-
consuming and tedious.  
There is a strong need for a bead array device that incorporates a simple yet 
high-throughput encoding strategy for the beads, overcoming the limitations of current 
encoding methods. This new encoding strategy allows development of the device to be 
easier and cheaper, providing a cost-effective platform for SNP detection. The 
capability of the device for rapid and high specificity detection enables fast access to 
accurate information, while remaining easy to use. Further, its flexibility to be 
expanded for protein detection in immunoassays or protein arrays would significantly 
improve upon the existing state of the art for bioanalytical chip-based platforms. 
 
1.2 Objective and aims 
The overall objective of this work is to develop a microchip-based device 
incorporating a bead array (i.e. array-on-a-chip, or bead array chip) for the detection of 
nucleic acids that allows (1) the beads and the corresponding immobilized probes to be 
easily identified, (2) rapid detection of only a few minutes, (3) high specificity down 
to a single-nucleotide resolution, (4) potentially high throughput of up to ~1000-plex, 
and (5) ease of use. The overall objective is achieved through the following specific 
aims: 
1. The development of an imaging system that incorporates all the necessary 
components, such as a fluorescence microscope, cooled-CCD camera and 
mechanical shutter, for high sensitivity and real-time detection of both 
monochrome and color signals from the bead array.   
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2. The development of a microfluidic device incorporating monolayered 
beads for optimizing the kinetics of PM and MM hybridization and 
dissociation on bead-immobilized probes. 
3. The use of the monolayered bead-based microfluidic device with the 
optimized conditions for rapid discrimination of single-nucleotide 
mismatches. 
4. The development of a molecular encoding method for colorimetric 
addressing of randomly ordered beads, allowing them and their 
corresponding immobilized probes to be identified within the microchip 
platform. 
5. The development of a novel polymeric bead array chip that allows beads to 
be identified based on spatial encoding, and the application of this chip for 
rapid (min) and highly specific (single nucleotide resolution) detection of 
SNPs and other nucleic acids. 
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CHAPTER 2 LITERATURE REVIEW 
 
 
2.1 Miniaturized platforms for SNP detection 
Owning to the ubiquity of SNPs in the human genome, methods that allow 
high-throughput, cost-effective and fast detection are needed. Most traditional methods 
are time-consuming, low-throughput and tedious, often requiring multiple steps for 
achieving results. To reduce the number of steps required, methods that are carried out 
entirely in a single solution have been developed. These include primer extension 
methods such as allele-specific polymerase chain reaction (AS-PCR) [9,10] and 
single-base extension (SBE) [11]. In AS-PCR, amplification can only take place when 
the allele-specific primer is perfectly complementary to the target SNP site. The 
amplification then generates copious amount of target DNA that can be detected by gel 
electrophoresis or mass spectrometry. In SBE, a specific primer can anneal 
immediately adjacent to the target SNP site, and be extended by a polymerase with a 
single fluorescently labeled dideoxynucleotide (ddNTP), through which the SNP site 
can be interrogated. Alternatively, unlabeled ddNTPs can also be used in SBE, and the 
extended products can be detected by gel electrophoresis or mass spectrometry. SBE 
usually requires a PCR step, thus providing an additional level of specificity for SNP 
detection.   
The other major type of SNP detection methods in solution phase is based on 
probe-target hybridization, and these include molecular beacon genotyping [12,13] and 
5’ nuclease assay [14]. In molecular beacon genotyping, hybridization opens up the 
stem-loop structure such that the fluorophores are no longer quenched and 
fluorescence is restored. In 5’ nuclease assay, hybridization is detected when the probe 
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that anneals to a target is cleaved due to the nuclease activity of a polymerase during 
amplification. Compared to the primer extension approaches, direct hybridization 
methods are easier to perform since they do not require an elongation process, but 
require a PCR step before carrying out the hybridization. Both the primer extension 
and direct hybridization methods are easier to perform than the traditional methods, 
but are still limited by the lengthy analysis times and low throughputs. 
 SNP detection has been adopted onto chip-based platforms because of the 
advantages associated with miniaturization, such as reduced volume requirements, 
faster analysis times, and higher sensitivity. The use of semiconductor processing 
techniques further enables the chip-based formats to be developed for multiplexed 
analyses, thereby making high-throughput detection possible. These devices can also 
be mass fabricated to lower SNP detection cost. In the following sections, some of the 
recent developments in the miniaturization of SNP detection platforms will be 
reviewed. Particular attention is given to the ease of fabrication, analysis time, and 
level of throughput associated with these platforms. Issues related to sensitivity and 
selectivity have been covered extensively elsewhere [25], and will not be discussed 
here. The following discussion is divided into microarray-based, bead-based 
microfluidic, and microelectrophoresis-based platforms. 
 
2.1.1 Microarray-based platforms 
The development of DNA microarray-based SNP detection platform is driven 
by the demand for high throughput and the mapping of the human genome. This 
platform enables hundred thousands of DNA probes to be precisely immobilized onto 
designated locations within a microscopic area of a silicon or glass substrate [15,26]. 
The oligonucleotide probes can be synthesized in-situ using light-directed chemistry, 
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or deposited onto the substrate using a robotic arrayer. At present, microarray 
technology  has been widely used in SNP detection due to its ability to perform large-
scale genotyping of up to 500 SNPs through direct hybridization or SBE [27,28]. 
Despite its high-throughput potential, the planar microarray format is restricted by the 
diffusion-limited kinetics, and electrostatic repulsion between the solution-phase 
targets and the densely localized solid-phase probes. Furthermore, the amount of 
probes that can be immobilized on the planar substrate, and hence the sensitivity and 
S/N, is also somewhat limited.  
 The development of gel-based chip technology can potentially overcome the 
limitations associated with the planar microarray format [29]. The use of an array of 
nanoliter-sized polyacrylamide gel pads on a glass slide provides distinct three 
dimensional (3D) microenvironments for the immobilization of oligonucleotides. 
Compared to planar glass substrates, the gel-based format can be applied with a higher 
probe concentration of up to 100 fold, thereby increasing the SNR. The near solution-
phase interaction between targets and probes within individual gel pads can also 
potentially alleviate the problems associated with diffusion-limited kinetics. These gel-
based microarrays have been successfully demonstrated for the detection of SNPs 
associated with β-thalassemia mutations [30,31], and for the identification of 
polymorphisms in the human muopioid receptor gene [32]. Still, the broad application 
of gel-based chips is limited by (i) the technical knowledge to successfully 
manufacture the gel pads, (ii) the precise micro-targeting needed to accurately spot the 
probes onto the gel pads, and (iii) a long hybridization time of several hours to 
facilitate the diffusion of targets into the gel pad and for reaction with the probes.     
 Another approach to overcome the problem of diffusion-limited kinetics in 
planar microarrays is to modify the substrate with conical dendrons (Figure 2.1) [33]. 
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Thus, nano-controlled spacings can be created to provide enough room for the target 
strand to access each probe, thereby creating a reaction format resembling that in a 
solution. As a result, the hybridization time can be reduced to approximately 1 h, and a 
30 s washing step is sufficient to achieve effective discrimination of single-nucleotide 
mismatches [34]. Alternatively, distinct oligonucleotide probes can also be 
immobilized onto a single thread instead of a planar substrate [35]. The thread is 
subsequently wound around a core to form a compact, high-density SNP detection 
platform. Hybridization can be carried out by immersing the thread-and-core structure 
into a target solution, and completed within approximately 30 min. This platform has 
been demonstrated for the analysis of CYP2C19, an important SNP present in the 
cytochrome P450 genes  [36].    
 
 
Figure 2.1 Schematic diagram showing improved DNA hybridization onto a dendron-
modified substrate as compared to that of a normal substrate. 
  
 
 Several methods have been further developed to reduce the hybridization time 
required for microarray-based SNP detection from hours to minutes. Most of these 
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methods involve a microfluidic module to introduce active or passive mixing for 
target-probe hybridization. Active mixing is achieved by the use of external forces 
(e.g. rotating disc or magnetic stirrer) to create periodic perturbation of the fluid flow. 
For example, a microfluidic module consisting of a rotating magnetic stirrer driving 
fluid samples between two interconnected reaction chambers is used to create a 
circulating flow over the surface of a microarray (Figure 2.2a) [37]. As a result, active 
hybridization can be completed in less than 20 min. Centrifugal forces generated by a 
rotating compact disc support can also be used to drive samples within a 
polydimethlysiloxane (PDMS) flow cell consisting of interconnected chambers and 
channels. Thus, the rate and length of hybridization can be enhanced and shortened to 
about 15 min [38].   
Unlike active mixing, passive mixing does not require an external force, but is 
generated by the flow of fluid through channels with special geometric properties. For 
example, a polymethyl methacrylate (PMMA) microtrench plate is used to create re-
circulation of a continuous plug flow over probes immobilized on a microarray surface  
[39]. Samples flowing through the microchannels with alternating depths and widths 
are scrambled into discrete plugs to induce droplet mixing (Figure 2.2b). The shuttling 
of the samples back and forth further creates a circulatory flow that allows 
hybridization to be completed within 10 min with a sample volume of 1 μL. Overall, 
these active and passive mixing mechanisms significantly improve the hybridization 
time and sample volumes required over traditional planar microarray-based detection. 
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Figure 2.2 (a) Design of the closed loop microfluidic device consisting of two interconnected 
reaction chambers. (Reprinted with permission from [37], Copyright 2003 The Royal Society 
of Chemistry). (b) A microtrench plate is stacked on a glass microarray. (Reprinted with 
permission from [39], Copyright 2005 Oxford University Press). 
  
 The reaction kinetics between target molecules and probes can also be 
enhanced by integrating electronics into microarray chips. In these “electronic 
microarrays” (e.g. Nanochip), the movement of target molecules to designated sites 
immobilized with probes can be manipulated using electronic current [40]. By 
applying a positive current, negatively-charged DNA molecules can be rapidly 
transported and concentrated at designated test sites. The entire process of SNP 
detection from DNA immobilization, hybridization, washing, to data readout can be 
completed within 30 min [41,42]. Besides controlling the movement of target 
molecules, electronics can also be used to create microchip with an array of discrete 
thermal islands whose temperature can be independently controlled [43]. Thus, 
discrete control of thermal stringency conditions can be applied simultaneously to 
detect different SNPs on a single microarray. Overall, electronic microarrays allow 
faster rates of hybridization and more sophisticated design, but require expensive 
setups for fabrication and dedicated instruments for detection. 
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2.1.2 Bead-based microfluidic platforms    
Due to the limited amount of biomolecules that can be immobilized on flat 
surfaces within a microfluidic device, solid supports are often used to increase the 
available surface area for biomolecule immobilization [17]. Among different types of 
supports, microbeads are the most widely used. Their high surface-to-volume ratio 
allows a high amount of probes to be concentrated within a small volume, thus greatly 
improving the detection limit and S/N [44]. To do so, a reaction chamber can be 
created within a silicon device using a series of micro-pillars to trap 5.5 μm-diameter 
nonmagnetic beads conjugated with primers (Figure 2.3) [45]. Primer extension 
reaction for SNP detection has been performed and completed within 5 s within such a 
device. Magnetic beads (2.8 μm) conjugated with DNA probes can also be 
incorporated into microfluidic devices, and manipulated (or immobilized) along a 
microchannel using a magnetic field [46]. Dynamic DNA hybridization is then 
performed by pumping a target solution through the column of beads, and is 
completed in only a few seconds. So far, all these bead-based devices capture small-
sized beads (< 10 μm) in a packed bed format to increase the surface-to-volume ratio. 
In such a format, only simple mechanical structures and magnetic fields are required 
for bead capture, and these can be easily fabricated. However, since only one type of 
probe sequence is carried by an entire packed bed of beads, these devices are low in 
their throughput.   
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Figure 2.3 (a) SEM image of the flow-through device. (b) SEM image of the reaction chamber 
for beads capture. (Reprinted with permission from [45], Copyright 2003 Wiley-VCH). 
  
 
To increase the throughput of bead-based microfluidic devices, beads can also 
be captured in a monolayer within the microfluidic device [47]. In this way, beads are 
usually arranged in an orderly format, and hence can be analyzed individually. By 
functionalizing individual beads with different probe sequences, the throughput for 
SNP detection can be greatly increased. A simple way of immobilizing beads in a 
monolayer is to use microcontact printing to first coat the surface of a channel with 
biotin, followed by binding streptavidin-functionalized beads onto the channel surface. 
This technique has been used to assemble a monolayer of beads onto a surface 
integrated with a heating element for SNP genotyping (Figure 2.4) [48]. The beads are 
conjugated with probes that have been hybridized to targets prior to immobilization, 
and melting curve analysis can be carried out by increasing the temperature from 30°C 
to 75°C at a ramping rate of 5°C/min through the heating element. Thus, melting 
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curves of all duplexes can be completed in less than 10 min for determining the correct 
SNP types.    
 
 
Figure 2.4 Schematic diagram denoting the process of assembly the monolayered beads. 
 
Another method of assembling a monolayer of beads onto microfluidic devices 
is to etch an array of pyramidal wells on a silicon wafer [19]. Each well is used to 
confine an agarose bead (300 μm) conjugated with a DNA probe. Using this bead 
array chip, target hybridization and single-nucleotide discrimination can be 
simultaneously completed within 10 min for all the beads. However, fabrication of 
such a device is challenging due to the difficulty in assembling the beads into 
individual wells. A commercially developed bead array chip randomly assembles 
beads into 3 μm-diameter wells etched in optical fiber bundles [49]. About 50 000 
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beads can be assembled onto the chip and individually addressed into 1500 distinct 
types using a hybridization-based decoding method [50]. Due to the significant 
instrument cost, this platform will only be cost-effective when ultra high-throughput 
(>10 000) SNP analysis is performed.   
Alternatively, large numbers of polystyrene beads (3.2 μm) can be assembled 
into a high density bead array chip in an etched silicon device by a method known as 
light-controlled electrokinetic assembly of particles near surfaces (LEAPS) [51].  In 
this method, the back side of a silicon wafer is placed in contact with a metal 
electrode. A counter electrode is then brought into contact with a suspended bead 
solution that is dispensed onto the wafer surface. Using an alternating current, beads 
can be moved to designated areas of low-impedance on the chip. About 4000 beads 
has been successfully arrayed in a 300 μm x 300 μm area, and applied in the SNP 
analysis of the human leukocyte antigen gene complex (Figure 2.5). Although the 
analysis times are not reported, the ability to assemble thousands of individually 
addressable beads makes this bead array chip an attractive platform for high-
throughput SNP genotyping.  
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Figure 2.5 Schematic representation of the bead array chips. Four silicon chips, each 
displaying a bead array of unique composition, are arranged in each of eight wells in the 
multichip carrier. Approximately 4000 beads of 32 distinguishable types are immobilized onto 
a 300 µm × 300 µm area, and part of it is shown in the inset. 
 
Finally, bead-based SNP detection can be carried out using flow cytometry. In 
one application, polystyrene beads are internally dyed with different proportions of red 
and infrared fluorophores to generate up to 100 spectrally distinguishable bead types 
[52]. Multiplexed SNP reaction up to 100 types is carried out in a 96-well microtiter 
plate instead of a microfluidic device. Spectral signatures of the beads are then 
detected using a dedicated flow cytometer. This system has been successfully 
demonstrated for multiplexed genotyping of up to 55 SNPs within 30 min [53,54]. 
Despite its accuracy and the near solution-phase kinetics provided by the suspended 
beads, this platform is limited by its cost effectiveness only when performing around 
100-plex SNP analysis, but not for ultra high (>10 000) or low (< 100) throughputs. 
Furthermore the system is very rigid due to its inability to be used in combination with 
other flow cytometers.   
In another flow cytometric approach, two luminescent quantum dots are mixed 
at three intensity levels to produce 10 unique bead types (including one colorless bead 
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type) [24]. The beads are decoded individually using a flow cytometer equipped with 
three filters – two for detecting signals from each quantum dot, and one for detecting 
the hybridization signal. Using this system, hybridization and detection of 10 different 
SNPs can be achieved within 30 min. The key advantage of the system is in the use of 
the quantum dots, which can be excited using a single wavelength to emit different 
colors simultaneously.    
 
2.1.3 Microelectrophoresis-based platforms   
Traditional slab gel electrophoresis has been widely used as a separation and 
detection platform for SNP analysis [55]. Using this platform, PCR-amplified SNP 
products are denatured to yield single-stranded DNA fragments of different sizes or to 
form different single-stranded conformations, which are subsequently separated in a 
polyacrylamide gel based on their relative electrophoretic mobility. Although sensitive 
for fragment separation down to a single-nucleotide resolution, this approach is low 
throughput, slow, and not easy to automate.   
At present, electrophoresis or capillary electrophoresis (CE) can be conducted 
in microdevices containing a network of microchannels to greatly reduce the 
electrophoresis time and samples volume required. For example, in a PMMA device 
containing 12 identical microchannels (30 μm deep, 100 μm wide and 46 mm long) 
(Figure 2.6a), electrophoretic separations of 12 different SBE products can be 
completed within 4 min after loading of sample solution (10 μL) into individual 
sample ports [56]. By shortening the separation channels and increasing 
electrophoresis voltages, SSCP detection of mutations in BRCA1 and BRCA2 genes 
can be completed within 120 s [57], and the separation time of a 12-mer wild type 
oligonucleotide from its single-base substituted mutant can be reduced to 5 s  [58].  
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The SNP analysis throughput of these electrophoresis-based microdevices can 
be further improved by increasing the total number of microchannels. For example, a 
device can be fabricated by etching a high-density array of microchannels onto a fuse 
silica substrate [59]. High-throughput mutation detection of the p53 tumor suppressor 
gene can be achieved by running simultaneous separations on the array of 
microchannels. The use of higher voltages and shorter separation distance further 
allowed electrophoresis to be conducted within 2 min, which is about 50 times faster 
than conventional slab gel electrophoresis. In another approach, an array of 96 
microchannels can be fabricated for capillary array electrophoresis on a circular silicon 
disc (Figure 2.6b) [60]. Loading of 96 samples can be achieved within 20 s using a 
pressurized capillary array system, and SNP detection related to hemochromatosis can 
be completed for 96 different samples within 10 min using a novel confocal four-color 
fluorescence detection system [61]. These microdevices can greatly reduce the 
separation time for electrophoresis or CE from minutes to seconds, and are easily 
fabricated.  However, a separate step is usually needed to generate the SNP products 
through the primer extension or hybridization approaches, before electrophoresis or 
CE can be carried out using these microdevices. 
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Figure 2.6 (a) Microelectrophoresis chip having 12 microchannels. (Reprinted with 
permission from [56]. Copyright 2003 American Chemical Society). (b) Mask pattern for the 
96-channel radial capillary array electrophoresis microplate. (Reprinted with permission from 
[60]. Copyright 1999 American Chemical Society). 
 
2.1.4 Future challenges 
The development of miniaturized platforms over the years has greatly 
improved the analysis of SNPs by providing higher throughput and faster detection 
than conventional methods. Table 2.1 provides a summary of all the three platforms 
discussed here in terms of their ease of fabrication, approximate analysis time, and 
throughput. The microarray-based platforms can enable high-throughput analyses, but 
are limited by its solid-phase kinetics and long hybridization time. Bead-based 
microfluidic platforms can achieve fast reaction kinetics, and appear to be the most 
promising, but are currently less widely used than DNA microarrays in SNP 
genotyping. One reason is the difficulties involved in handling the beads, and more 
works are needed to address this issue. The miniaturized electrophoretic platforms can 
perform rapid and sensitive separations and detection of SNPs, but a prior assay is 
required and throughputs are nowhere compared to the microarray-based platforms. 
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Table 2.1 Summary of the SNP detection platforms discussed. 
SNP detection platforms 
 












Microarray-based       
Glass chips 27, 28 Moderate 12 h 20-50 Very high Yes ($0.30) 
Gel-based chips 29-32 Moderate 12 h 20-50 Very high No 
3D chips 33, 34 Moderate 0.5-1.5 h 100-600 High Yes 
Microfluidic module       
    Active mixing 37, 38 Moderate 15-20 min 10-150 Very high Yes 
    Passive mixing 39 Difficult 10 min 1 Very high No 
Electronic microarrays 41-43 Difficult 30 min 50-100 Medium Yes ($0.70 – 
1.10) 
       
Bead-based microfluidic       
Packed bed       
    Nonmagnetic 45 Easy 5 s 100-200 Low No 
    Magnetic 46 Moderate Seconds 50 Low No 
Monolayer       
    Microcontact printing 47,48 Easy 10 min 25 High No 
    Microwells 19, 49, 50 Moderate to 
Difficult 
10 min 500 High to 
Ultra-high 
Yes ($0.20 – 
0.35) 
    LEAPS 51 Difficult Not reported 20 Very high Yes 
Flow cytometry   30 min    
    Luminex 52-54 Easy 30 min 50/well Very high Yes ($0.1) 
    Qbead 24 Easy  50/well Very high to 
ultra high 
Yes 
       
Microelectrophoresis-based       
Low density channels 56-58 Easy 5s-4 min 10-20 Low Yes 
High density channels 59-61 Moderate 2-10 min 10 Medium No 
 
1 For microelectrophoresis-based platforms, approximate analysis times refer to the time taken for 
electrophoretic separation of SNP products, and does not include the time to generate the products from 
either primer extension or hybridization assays.  
2 Throughput: 1-20 (Low); 20-100 (Medium); 100-1000 (High); 1000-10 000 (Very high); > 10 000 
(Ultra high)  
3 Cost per SNP, where available, is approximate and excludes instrument and startup costs. 
 
 Eventually, it is possible for miniaturized platforms to integrate several 
functional modules into a single device. These “lab-on-a-chip (LOC) devices” can 
contain essential elements required for DNA extraction and amplification, and SNP 
detection, and can be automated. The development of LOC devices will require 
advances in several technological fronts, such as micro/nanotechnology, 
microfabrication and microelectronics. For example, microtechnology can be used to 
achieve greater fluidic control and better mixing through microvalves and 
micropumps, while advances in microfabrication techniques will improve the design 
of microstructures and provide further miniaturization. Also, integration of 
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microelectronics will greatly enhance the control of biomolecule transport, and 
provide the power to drive various components in the device (e.g. microheater). The 
ultimate challenge is to achieve a seamless and optimum synergy in these areas for the 
development of a fully integrated LOC device. Such advances will no doubt 
revolutionize SNP analysis, and bring us closer to the realization of an ideal platform, 
in terms of cost (1 cent/SNP), detection time (seconds), throughput (100 000), 
specificity (0% error) and sensitivity (single molecule detection).  
 
2.2 Strategies for encoding beads 
DNA microarrays are widely used in high-throughput SNP detection due to its 
ability for performing massively parallel analyses. In this technology, each spot of 
probes is localized on a unique position of the solid substrate, allowing it to be 
identified by this spatial code (or address) (Figure 2.7a). With bead-based devices, the 
beads are randomly incorporated into the device, thus the different bead types cannot 
be identified through spatial addressing (Figure 2.7b). Rather, several strategies are 
adopted to encode the beads and subsequently decode them within the device to reveal 
their identities. Some of these encoding strategies are discussed in the following 
review. 
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Figure 2.7 (a) Each spot of a microarray is localized at a fixed position, giving it a spatial 
address that allows the spot to be identified. (b) The randomly incorporated beads require an 
encoding strategy for identifying the different types and the corresponding biocapture element 
immobilized on it. 
  
 
2.2.1 Color encoding 
The most common strategy for encoding beads is to use colorimetric 
signatures. Color-encoded beads are produced by embedding them with semiconductor 
nanocrystals, visible dyes, or fluorophores and subsequently decoded through visual or 
fluorescence detection [22]. For example, Li et al. mixed blue, green and orange 
fluorophores to yield 39 different codes for encoding 3.2 μm-diameter polystyrene 
beads assembled onto a wafer. [51] Alternatively, two fluorophores can be mixed at 
different proportions to yield 100 distinguishable bead types that are subsequently 
decoded using two laser beams [23]. The emission characteristics of organic 
fluorescent dyes are affected by changes in temperature, which may result in some 
bias when used in temperature-dependent studies [62]. The fluorescent dyes also suffer 
from photobleaching and this can significantly affect the discriminability between 
color codes, particularly if they are distinguished by the difference in their intensities.  
Semiconductor nanocrystals, or quantum dots, have superior optical properties 
in that they are photostable, have size-tunable emission wavelengths, and can be 
excited by a single wavelength to emit different colors at one time. Therefore, their use 
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as color-emitting agents in beads allows them to overcome some of the limitations of 
organic fluorophores. Han et al. incorporated quantum dots at different intensities and 
colors to yield spectrally distinguishable polymeric beads of up to 10 distinct types 
[63]. Using 5-6 colors at 6 intensity levels, it is possible to achieve up to 40 000 codes 
using this approach, although this has yet to be demonstrated. These techniques for 
color encoding beads are straightforward in that the color-emitting agents are directly 
impregnated into the beads. However, this also means that the encoder signals cannot 
be removed, resulting in possible interference between the encoder and reporter 
signals. To avoid this, the number of reporter dyes available for use would 
inadvertently be reduced. Also, encoding the beads into unique color codes is 
challenging as the color-emitting agents must be mixed in precise proportions. The 
difficulty in distinguishing large number of color codes further means that only up to 
100 color codes have been demonstrated so far, limiting them to low or medium 
throughout applications [23,24,51]. 
 
 
Figure 2.8 (a) A set of 100 distinguishable bead types can be created by mixing precise 
proportions of two fluorescent dyes, and subsequently detected using a flow cytometer with 
two laser beams. ©Luminex Corporation. All rights reserved. (b) Quantum dot nanocrystals of 
10 different emission colors incorporated into the beads to create spectrally distinguishable 
types. (Adapted by permission from Macmillan Publishers Ltd: Nature Biotechnology, ref 
[63], copyright 2001). 
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2.2.2 Barcoding 
An improved technique over the permanent color impregnation method is to 
decode beads using binary barcodes formed from a series of colorimetric signals that 
can subsequently be removed [50]. Beads are first conjugated with different 
oligonucleotide probes, and hybridized to their complementary targets labeled with a 
fluorophore in several stages to reveal a unique binary barcode. For instance, a 
particular bead type may have its decoder target labeled with green fluorophore in 
stage 1, red in stage 2 and green in stage 3. After the first hybridization, the 
fluorescence signal is read and the target is dissociated, and this is repeated for two 
more stages. The signals, taken collectively, reveal a color signature GRG, or a binary 
code of 010 (green = 0, red = 1) for that bead type. Using just two fluorophores and 
three decoding stages, a total of 8 (i.e. 23) unique codes from 000 to 111 can be 
generated. Using a series of colorimetric signals to form binary barcodes allows up to 
1500 different bead types to be decoded, achieving higher throughput than color-
encoding. Also, the colorimetric signals are removed by washing away the hybridized 
targets, minimizing any interference with the reporter signals. However, this approach 
requires a series of tedious and time-consuming hybridization and washing steps for 
creating the binary barcode, while a large amount of labeled oligonucleotide targets 
are required for the repeated decoding steps. 
A graphical barcode can also be written inside fluorescently dyed beads 
through a technique termed “spatial selective photobleaching of the fluorescence” 
[64]. Using a specially adapted laser scanning confocal microscope, any sort of pattern 
can be photobleached at any depth inside the fluorescently dyed bead. This technique 
was used to photobleach a barcode of different band widths onto 45 μm-diameter 
fluorescent beads. The advantages of this technique are that only a single fluorescent 
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dye is needed in the encoding scheme, and the number of codes achievable is virtually 
unlimited. However, there is still the problem of interference between the encoder and 
reporter fluorescence signals, while the effects of photobleaching during the decoding 
stage might alter or degrade the barcode. The need for a laser scanning confocal 
microscope significantly increases the instrument cost of this technique, while the 
process of individually creating the barcode on each bead can be tedious, time-
consuming, and impractical for large-scale manufacturing. Further, the decoding 
process is extremely challenging, as the beads must be accurately positioned on the 
same plane as when it is photobleached to ensure correct readout of the barcode. The 
technique is also yet to be demonstrated on smaller beads, which can make it difficult 
for the barcode to be read and also limit the number of barcode bands that can be 
patterned.      
In a recent development, Pregibon et al. employed continuous-flow lithography 
to synthesize particles in an extruded two-dimensional (2D) shape with distinct regions 
for encoding and analyte detection [65]. The encoding region comprises dot-codes that 
can reportedly bear over a million different patterns through UV irradiation with a 
photomask. Encoding is combined with particle synthesis and probe incorporation in a 
single process. Since each particle is an extruded 2D shape (~ 30 μm thick) , it can 
easily be aligned using a channel of the right dimensions, allowing the codes to be 
clearly read. However, this method results in relatively larger particles (180 x 90 μm) 
as compared to other methods, which might limit throughput, increase sample volume 
and affect reaction kinetics. Its 2D shape might also defeat the origin intent of 
performing particle-based analysis – that is to leverage on the high surface-to-volume 
ratio of such particles to increase probe capacity. Despite this, the authors reported a 
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detection limit of at least 500 amol DNA, which is of comparable sensitivity with 
current technologies. 
 
2.2.3 Physical encoding 
 Beads can also be identified based on the difference in their physical 
properties, such as size, density, or refractive index. For example, a flow cytometric 
assay was carried out using 5 and 7 μm-diameter polystyrene beads for the 
simultaneous detection of anti-cytomegalovirus and anti-herpes simplex virus 
antibodies [66]. The number of unique codes that can be achieved using physical 
encoding is rather limited, due to the difficulty and cost-ineffectiveness of 
manufacturing a large number of beads with different properties such as size. 
Furthermore, different sizes of beads have different immobilization capacity for 
biocapture elements such as probes, resulting in a bias in the sensitivity of detection 
and S/N across various bead types. As such, physical encoding is unlikely to be 
feasible, particularly for high-throughput bead arrays. 
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CHAPTER 3 MATERIALS AND METHODS 
 
 
3.1 Imaging and analytical system 
3.1.1 System for DNA microarray analysis 
The initial imaging system used in real-time monitoring of DNA microarrays 
in dissociation curve analysis comprised an epifluorescence microscope (BX61, 
Olympus, Singapore), 100 W mercury lamp, Uniblitz shutter system (VMM-D1, 
Vincent Associates, Rochester, NY) and cooled-CCD camera (Sensicam QE, Cooke 
Corporation, Romulus, MI). A LabVIEW-based (v7.1, National Instruments, Austin, 
TX) software, named LabArray, was developed to control the real-time imaging and 
analysis of DNA microarrays during dissociation curve studies. Microarrays were 
subjected to a constant temperature gradient using a Linksys temperature control 
system (Linkam, UK) comprising a Peltier heating/cooling microscope-mounted stage 
(PE120) and a temperature programmer (TP94). At each temperature set-point, a 
microarray image was captured by LabArray and the signal quantitated immediately. 
The results were then exported to a spreadsheet file at the end of the experiment. 
 
3.1.2 Alternative system for bead signals analysis 
Signal analysis of bead-based assays can be achieved using an alternative 
imaging system. This system comprised an epifluorescent microscope (BX51, 
Olympus, Singapore), a 100 W mercury lamp and fluorescence filter set 41007 
(Chroma Technology, Rockingham, VT). A SPOT-RT Slider cooled-charged coupled 
device (CCD) camera (Diagnostic Instruments, Sterling Heights, MI) was used to 
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capture 12-bit monochrome or 24-bit color images of the beads. Image acquisition was 
controlled using the MetaMorph 5.0 software (Molecular Devices, Sunnyvale, CA). 
For monitoring the hybridization and dissociation experiments, the exposure time was 
500 ms and images were captured at 20 s or 60 s intervals. Another LabVIEW-based 
software, rtBeads, was modified from LabArray to batch analyze the captured images 
[67]. For each captured image, the mean intensity was determined for all microbeads 
immobilized with the same probes. The final results were then exported to Excel 
(Microsoft, Redmond, WA) and the variation of fluorescence intensity over the 
hybridization (or dissociation) period was plotted.   
 
3.2 Discrimination of SNM with monolayered bead-based device 
3.2.1 Oligonucleotides 
The 15-mer oligonucleotide probes consisted of a perfect match probe, PMg 
(5’-ACGGGCGGTGTGTAC-3’), and three other mismatch probes, namely, MMc (5’-
ACGGGCGGTCTGTAC-3’), MMt (5’-ACGGGCGGTTTGTAC-3’), and MMa (5’-
ACGGGCGGTATGTAC-3’). Probes had identical sequence except for a single-
nucleotide variation six bases from the 3’ end (underlined), and were biotinylated at 
the 5’ end for immobilization onto bead surface. Target oligonucleotides were 
perfectly complementary to the PMg probes (for homozygous SNP detection) or to 
both PMg and PMc probes (for heterozygous detection), and were labeled with a Cy3 
fluorophore at the 5’ end as a reporter for the hybridization activity. All 
oligonucleotides were purchased from Proligo (Singapore).   
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3.2.2 Fabrication of microfluidic device 
Schematic representation of the bead-based microfluidic device is shown in 
Figure 3.1a. The microfluidic device (10 x 30 mm) consisted of a 500 μm thick Pyrex 
glass cover (7740, Corning Inc, Corning, NY) anodically bonded to a 750 μm thick 
silicon base. Features of the silicon base were created using deep reactive ion etching. 
The silicon base contained a flow chamber (13 μm in depth) divided into two 
symmetrical sides by a weir running across the centre. Particles larger than the 3-4 μm 
freeboard above the weir (e.g. microbeads) were trapped and localized within the 
detection region. Four rows of diamond-shaped pillars arranged in a zigzagged manner 
between the inlet and the weir enhanced mixing and distribution of the fluid flow. The 
pillars were spaced 30 and 20 μm apart for the first two and last two rows respectively, 
while rows were spaced 650 μm apart. The device was fabricated using standard 
semiconductor processing techniques at the microfabrication facility of the Institute of 
Microelectronics, Singapore [68].     
 The device was housed in a microchip holder fabricated at a local machining 
shop. Beads were injected into the device using a 10 μL microsyringe (Agilent 
Technologies, Singapore). The microchip holder comprised a vertical channel that 
allowed the microsyringe to directly access the device inlet, thereby minimizing the 
loss of beads (Figure 3.1b). Mixtures to be introduced into the device were contained 
in a 1 mL plastic syringe (BD, Franklin Lakes, NJ). An automatic linear motion 
actuator (KDS100, KD Scientific, Boston, MA) provided a constant force to discharge 
contents of the syringe at a steady rate of 20 μL/min, while a horizontal channel within 
the microchip holder directed flow to the device inlet.  
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Figure 3.1 (a) Schematic illustration of the bead-based microfluidic device. It consists of a 19 
mm-long, 13 μm-deep flow chamber centered on the silicon base. The flow chamber is 5 mm 
wide at its mid-section. The weir captures the beads in a monolayer (inset, top-left), while the 
series of pillars enhances mixing and flow distribution (inset, bottom-right). (b) Schematic 
illustration of the plastic microchip holder. Buffers are introduced through the inlet at the 
front, while beads are introduced via the inlet at the bottom. The holder is overturned before 
injecting the beads solution. Leakage is minimized through the use of ‘O’ rings. The device is 
sandwiched within the holder by steel bolts. 
 
3.2.3 Immobilization of probes onto microbeads 
Uniform streptavidin-coated polystyrene beads 9.95 μm in diameter (Bangs 
Laboratories, Fishers, IN) were used as solid support for the immobilization of the 
oligonucleotide probes. A hundred microliters of stock beads (1% solids) was rinsed 
three times in TTL buffer (100 mM Tris-HCl, pH 8.0, 0.1% Tween 20, 1 M NaCl), 
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precipitated and then resuspended in 20 μL TTL. An appropriate volume of probes 
was added based on the binding capacity of the beads, which was found to be ~330 ng 
DNA per mg of beads. Biotinylated probes were immobilized onto the beads via the 
biotin-streptavidin binding by gently mixing at room temperature for 12 h. After 
immobilization, the beads were rinsed, precipitated, and resuspended in TTE buffer 
(100 mM Tris-HCl, pH 8.0, 0.1% Tween 20, 20 mM EDTA) at 80 °C for 10 min to 
remove unstable biotin-streptavidin bonds. The functionalized beads were then rinsed, 
precipitated, and resuspended in TT buffer (250 mM Tris-HCl, pH 8.0, 0.1% Tween 
20) before storage at 4 °C.   
 
3.2.4 Optimization of SNM discrimination 
Studies to optimize the discrimination of PM and MM duplexes were carried 
out using beads functionalized with PMg probes and MMc probes (referred to as PMg 
and MMc beads, respectively). The PMg and MMc beads were sequentially injected 
into the device, separated by unfunctionalized spacer beads. Different concentrations 
of NaCl, target DNA and formamide in the hybridization buffer were evaluated for 
their ability to differentiate PM and MM hybridization kinetics. First, hybridization 
was carried out with five different NaCl concentrations (0, 100, 300, 500, and 900 
mM) while target DNA and formamide concentrations were kept at 0.1 ng/μL and 0% 
respectively. The hybridization buffer was introduced for 8 min, and PM and MM 
hybridization kinetics were monitored temporally for each NaCl concentration studied. 
The set of experiments was repeated for five different target DNA concentrations 
(0.01, 0.05, 0.1, 0.3, and 0.5 ng/μL) while NaCl and formamide concentrations 
remained at 300 mM and 0% respectively. Finally, hybridization was carried out with 
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five different formamide concentrations (0, 20, 30, 40, and 60%), with NaCl and target 
DNA concentrations maintained at 300 mM and 0.1 ng/μL respectively. 
To optimize the dissociation buffer composition for discrimination, PMg and 
MMc probes were first hybridized with a buffer containing target DNA (0.1 ng/μL), 
NaCl (300 mM) and 0% formamide for about 8 min. Duplex dissociation was carried 
out by the introduction of a buffer containing 30% formamide and five different NaCl 
concentrations (0, 100, 300, 500, and 700 mM), and the dissociation kinetics were 
monitored. Next, dissociation was carried out with 300 mM NaCl at different 
formamide concentrations (0, 10, 30, 50, and 70%). 
To obtain a quantitative estimate for the difference between the PM and MM 
hybridization/dissociation kinetics, a maximum discrimination index (DImax) was 








tPMDI    (3.1) 
 
where PM(t) and MM(t) are the PM and MM intensities at a particular time, t, during 
hybridization or dissociation. A DImax value > 2 indicates that the kinetics are 
significantly different enough for the PM and MM duplexes to be effectively 
discriminated.  
  
3.2.5 Reconstitution of probe-beads 
PMg beads were hybridized with a buffer containing target DNA (0.1 ng/μL) 
and NaCl (300 mM) for 8 min. This was followed by the introduction of a dissociation 
solution containing 90% formamide for 3 min. At the end of dissociation, the device 
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was rinsed with TT buffer (250 mM Tris-HCl, pH 8.0, 0.1% Tween 20) for 5 min. The 
TT wash buffer was purged from the device before initiating the second hybridization-
dissociation cycle. This was repeated for two more studies, with the formamide 
concentration in the dissociation buffer reduced to 60% and 50% respectively.   
 
3.3 A method for addressing beads based on molecular encoding 
3.3.1 Gel-based chip  
A gel-based chip was used as a platform to immobilize monolayered beads and 
to allow the decoding process of the beads to be carried out. It consisted of an array of 
19 x 24 polyacrylamide gel pads on a glass slide (Corning, Corning, NY) pre-treated 
with Bind Silane (GE Healthcare, Piscataway, NJ) (Figure 3.2). The gel pads were 
evenly spaced at 300 μm in both the horizontal and vertical directions. Each gel pad 
further comprised an array of 10 x 10 micropillars (20 x 20 x 10 μm) with a horizontal 
and vertical pitch of 10 μm. A photopolymerization process described previously was 
used to create the array of gel pads [69]. After polymerization, the glass slide was 
treated in 0.1 M NaBH4 for 30 min to reduce auto-fluorescence of the gel pads.   
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Figure 3.2 Image of the array of gel pads used for immobilizing the encoded beads. Each gel 




Table 3.1 lists the sequences of the 12 sets of 15-mer identification (ID) 
molecular probes and targets used in encoding and decoding the beads. To minimize 
their homology to bacterial targets or human SNP genes, these sequences were 
systematically selected from viral sequences using LabVIEW-based software 
developed here. The criteria for ID probe selection included length (15-mer), melting 
temperatures (50-60°C), no self-dimerization, and no cross-hybridization to other 
probes/targets. A list of 15-mer candidate sequences was generated by the software 
and their corresponding melting temperatures, and ΔG values for self-dimerization and 
cross-hybridization were automatically calculated. For cross-hybridization analysis, 
the software determined the ΔG values for all the possible pairings of probe-target 
duplexes as well as target-target duplexes. A ΔG value of > -9 kcal/mol as 
recommended by Integrated DNA Technologies (Coralville, IA) was used to indicate 
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minimum likelihood of self-dimerization and cross-hybridization between sequences. 
Sequences that did not meet all of the criteria were replaced with new candidate 
sequences and the analysis repeated until the 12 ID probes were selected. All probes 
were biotinylated at the 5’ terminal (Proligo, Singapore). Targets for decoding the 
encoded beads were labeled with QDs (Invitrogen, Carlsbad, CA) of four different 
emission wavelengths at 525 nm (QD525), 565 nm (QD565), 585 nm (QD585) and 
655 nm (QD655). To do so, 1 μL of unlabeled ID targets (5 μM) was mixed with an 
equal amount of stock QD solution (1 μM) and 23 μL of 50 mM borate buffer (pH 
8.3). They were then gently mixed at room temperature for 12 h to facilitate the 
attachment of biotinylated targets to streptavidin-conjugated QDs.  
 
 
Table 3.1 Sequences of the 12 sets of ID probes used to encode the beads, and the specific QD 
labeled to each respective target. 
Name Probe sequence (5’ to 3’) Target labeling 
ID1 GTTCAGCCTGGTTAA QD525 (green) 
ID2 CAATGCCGATACAGA QD565 (yellow) 
ID3 TCACGTTTGTCCAGG QD585 (orange) 
ID4 GTTGTAAAACGACGG QD655 (red) 
ID5 GGAAATGTCTCAGGT QD525 
ID6 GAGTCCGAGAAGAAT QD565 
ID7 GGTCTATATAAGCAG QD585 
ID8 CTTTATGTTTTTGGC QD655 
ID9 TGATGATCCCATTGA QD525 
ID10 ACATTACCAACTGCT QD565 
ID11 CTAGTACACTGTAGT QD585 
ID12 TCACTAGACAATAAC QD655 
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3.3.3 Encoding/decoding beads 
Beads were encoded into 12 distinct types by conjugating each of them with a 
unique ID probe according to a protocol described in 3.2.3. Based on measurements, 
each bead can bind ~ 2 x 107 biotins, but since not all four binding sites in each 
streptavidin are utilized (due to steric hindrances), there can be up to ~ 8 x 107 biotin 
binding sites on each bead. Equal amounts of the 12 encoded bead types were then 
mixed and suspended in a solution. The first four bead types (ID1 to 4) were decoded 
off-chip by reacting 1 μL of the mixed bead solution with 9 μL of hybridization buffer 
containing 0.1 ng/μL of their respective targets and 700 mM NaCl for about 30 min. 
The beads were then rinsed with TT buffer, precipitated, and manually transferred 
onto the chip using a pipette. The beads were then spotted and immobilized onto the 
gel pads. The decoded signals were recorded by acquiring a fluorescence image of the 
beads. The next four bead types (ID5 to 8) were decoded on-chip by pipetting 5 μL of 
hybridization buffer containing 0.1 ng/μL of their respective targets and 700 mM NaCl 
over the immobilized beads. After 30 min of hybridization, a fluorescence image of 
the decoded beads was acquired. This step was repeated to decode the final four bead 
types (ID9 to 12) by introducing the hybridization buffer containing their respective 
targets.   
 
3.4 A spatially addressable bead array chip 
3.4.1 Targets, oligonucleotides and beads 
Ten model bacterial species included Clostridium leptum (F1), Ruminococcus 
obeum (F2), Eubacterium biforme (F3), Lactobacilllus acidophilus (F4), Enterococcus 
faecium (F5), Eubacterium aerofaciems (F6), Bifidobacterium longum (F7), 
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Bacteroides vulgatus (F8), Escherichia coli (F9) and Fusobacterium prausnitzii (F10). 
Each bacterial species was targeted by a set of perfect matched (PM) and single-
nucleotide mismatched (MM) probes with mismatch position at the middle portion. 
Two model SNPs were the MDR1 3435 SNP and a mock SNP from the E. coli 
16S rRNA 1392 region. Each SNP was targeted by four probes with a single-
nucleotide variant at the middle portion. The 3435 and 1392 SNP each comprised two 
targets to represent C/T and C/A heterozygosity respectively. Probes were biotinylated 
at the 3’ end, and targets were labeled with Cy3 fluorophore. All oligonucleotide 
probes and synthetic targets (Table 3.2) were purchased from Proligo (Singapore).  
Biotinylated probes were conjugated to 9.95 μm-diameter streptavidin-coated 
polystyrene beads (Bangs Laboratories, Fishers, IN) according to protocol that was 
described in 3.2.3, before storage at 4°C in TT buffer. 
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Table 3.2 List of all oligonucleotide probes and targets used in the study. 
Name Type Sequence (5’-3’) Size 
Bacterial species 
  
  F1_PM Probe GAGCTTTCTCCTTAGCTACCGT  22 
  F1_MM Probe GAGCTTTCTCCCTAGCTACCGT 22 
  F2_PM Probe CTCCGGCACTCAAGACTAACAGT 23 
  F2_MM Probe CTCCGGCACTCTAGACTAACAGT 23 
  F3_PM Probe TTGTCTGCTACCTATCCGGTTT 22 
  F3_MM Probe TTGTCTGCTCCCTATCCGGTTT 22 
  F4_PM Probe TCTCTACGGATTGCACTAGATGT 23 
  F4_MM Probe TCTCTACGGATAGCACTAGATGT 23 
  F5_PM Probe CCACTCCTCTTTTTCCGGTGG 21 
  F5_MM Probe CCACTCCTCTCTTTCCGGTGG 21 
  F6_PM Probe CCCCCGCTTCACCCATATGTCA 22 
  F6_MM Probe CCCCCGCTACACCCATATGTCA 22 
  F7_PM Probe CTCTACGACCGTCGGGAACATG 23 
  F7_MM Probe CTCTACGACCGACGGGAACATG 23 
  F8_PM Probe CCGCCTGCCTCAACTGCACTCA 22 
  F8_MM Probe CCGCCTGCCACAACTGCACTCA 22 
  F9_PM Probe ATTAACTTTACTCCCTTCCTCCCC 24 
  F9_MM Probe ATTAACTTTACACCCTTCCTCCCC 24 
  F10_PM Probe TTTTGCTCGCCTCGCGGTCTTG 22 
  F10_MM Probe TTTTGCTCGCCACGCGGTCTTG 22 
  F1_tgt Target ATAATGACGGTAGCTAAGGAGAAAGCTCCGGCTA 34 
  F2_tgt Target TTGGGAACTGTTAGTCTTGAGTGCCGGAGAGGTAA 35 
  F3_tgt Target GATGCTAAAACCGGATAGGTAGCAGACAAGCATTTG 36 
  F4_tgt Target GGTCTTGACATCTAGTGCAATCCGTAGAGATACGGAG 37 
  F5_tgt Target GCTTGCTCCACCGGAAAAAGAGGAGTGGCGAACGGG 36 
  F6_tgt Target CAGGGCTTGACATATGGGTGAAGCGGGGGAGACCCC 36 
  F7_tgt Target GGCTTGACATGTTCCCGACGGTCGTAGAGATACGGC 36 
  F8_tgt Target ATATCTTGAGTGCAGTTGAGGCAGGCGGAATTCG 34 
  F9_tgt Target TTCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTG 37 
  F10_tgt Target AGAGAAGCAAGACCGCGAGGCGAGCAAAACTCAGAA 36 
SNPs 
   
  1392G Probe ACGGGCGGTGTGTAC 15 
  1392C Probe ACGGGCGCTGTGTAC 15 
  1392T Probe ACGGGCGTTGTGTAC 15 
  1392A Probe ACGGGCGATGTGTAC 15 
  1392C_tgt Target GTACACACCGCCCGT 15 
  1392A_tgt Target GTACACAACGCCCGT 15 
  3435G Probe GCCCTCACGATCTCTTCC 18 
  3435C Probe GCCCTCACCATCTCTTCC 18 
  3435T Probe GCCCTCACTATCTCTTCC 18 
  3435A Probe GCCCTCACAATCTCTTCC 18 
  3435C_tgt Target AGGAAGAGATCGTGAGGGCA 20 
  3435T_tgt Target AGGAAGAGATTGTGAGGGCA 20 
 
3.4.2 Fabrication of bead array chip  
The Biochip Arrayer (PerkinElmer, Boston, MA) was used to deliver 5 nL of 
different bead types (~ 9000 beads/µL) onto the gel pads. Positions of each spotted 
bead type were recorded via phase contrast images for determining their spatial 
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addresses. This was then repeated until all bead types for detecting a particular target 
were immobilized on the same gel pad. The device can then be capped with a 
microfluidic module for sample flow-through, or the buffer can also be applied over 
the spotted beads without the module. The polydimethylsiloxane (PDMS) module was 
fabricated using common soft lithographic techniques [70].  
 
3.4.3 Optimization of hybridization kinetics  
Beads conjugated with 1392G and 1392C probes were sequentially spotted 
onto the gel chip. Passive hybridization was performed by dispensing 10 μL of a 
buffer containing 0.1 ng/μL 1392C targets, 300 mM NaCl, and different formamide 
concentrations (0%, 10%, 30% and 50%) over the spotted beads. Hybridization 
kinetics of PM (1392G beads) and MM (1392C beads) duplexes were monitored real-
time through fluorescence images of the beads captured at 1 min intervals. 
 
3.4.4 Detection of bacterial species   
PM beads targeting all the bacterial species were spotted over the gel pads 
followed by the MM beads. Each gel pad contained the PM and MM beads for 
targeting a particular bacterial species, and these were duplicated over another gel pad 
for added redundancy. The hybridization buffer contained 0.1 ng/μL of each bacterial 
species target, 300 mM NaCl and 30% formamide. Static hybridization was carried out 
by dispensing 10 μL of the buffer over the spotted beads. After 10 min, the chip was 
rinse briefly with a solution containing 300 mM NaCl and 30% formamide, and the 
signals were quantitated under the fluorescence microscope. 
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3.4.5 Detection of SNPs  
The four bead types targeting each SNP were sequentially spotted onto the 
chip. The 1392G and 3435G beads were first spotted onto separate gel pads in four 
replicates followed by the 1392C and 3435C beads, 1392T and 3435T beads, and 
finally the 1392A and 3435A beads over the same gel pads. Hybridization buffer for 
detecting homozygous variants of the two SNPs contained 1392C and 3435C targets 
(0.1 ng/μL each), 300 mM NaCl and 30% formamide. For detecting heterozygous 
variants, the buffer additionally contained 1392A and 3435T targets (0.1 ng/μL each). 
Hybridization and signal quantitation were carried out in the same way as for the 
detection of bacterial species. 
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CHAPTER 4 RESULTS AND DISCUSSION - 1 
 
IMAGING AND ANALYTICAL SYSTEM  
 
4.1 Introduction 
The use of bead-based microfluidic devices in bioanalysis often involves the 
binding of target analytes to biocapture elements immobilized on the bead surface. The 
binding event is then recognized through the detection of a reporter signal either at 
individual bead or group of beads. Such an approach is frequently applied for the 
detection of DNA in hybridization- or dissociation-mediated assays using bead-
immobilized oligonucleotide probes [19,46]. For accurate detection and quantitation of 
these signals, a high sensitivity imaging and analytical system is critical. This system 
integrates the various components of a fluorescence microscope and camera for image 
acquisition and analysis of the bead signals. It also enables the different bead types to 
be decoded based on their colorimetric or spatial signatures. Further, it allows the 
signal intensity from each bead to be monitored real-time during hybridization and 
dissociation studies. To achieve this, a real-time imaging and analytical system 
previously set up for DNA microarray studies was modified for the analysis of bead 
signals. This system allowed real-time acquisition and analysis of microarray images 
in dissociation curve studies. To adapt this system for bead signals analysis, 
modifications must be made to the way the signals are analyzed, due to the differences 
between the microarray and bead images. An overview of the imaging system 
originally set up for DNA microarray analysis is presented in the following sections, 
followed by the modifications implemented for adapting the new imaging system to 
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the analysis of bead signals. An alternative imaging system for bead signals analysis is 
also presented. 
 
4.2 Real-time imaging system for DNA microarrays 
DNA microarrays consisting thousands of cDNA probes (up to few kilo-bases) 
immobilized onto solid substrates have been widely used in gene expression analyses 
[26].  Hybridization of labeled DNA/RNA targets with their complementary probes 
results in concentration of labeled signals on designated spots, and provides 
information related to the expression patterns of genes of interest. The signal 
intensities of all probe-target duplexes mostly expressed as fluorescence light are 
measured through a laser scanner using suitable software available commercially or 
free-of-charge.   
 In recent years, oligonucleotide microarrays (∼15 to 25 bases long) have been 
developed for the analysis of single nucleotide mismatches in microbial or SNP 
detection. Such analyses, for example, enable bacterial identification in environmental 
microbiology [71,72], and reveal information regarding an individual’s drug response 
or disease susceptibility [3,27]. The success of these studies ultimately relies on the 
efficacy of oligonucleotide microarrays to discriminate PM duplexes from duplexes 
containing one or more MM nucleotides occurring at any position. However, the 
discrimination of PM and MM duplexes in the microarray studies is a daunting task 
when a single washing condition (formamide concentration, salt concentration, and 
temperature) is used [73].  This task can be solved by using a non-equilibrium 
dissociation approach that simultaneously determines the dissociation processes 
(melting) of all duplexes from low to high temperature, and then examining the 
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difference in signal intensities between a PM duplex and a MM duplex at the 
corresponding dissociation temperature (Td) of the PM probes.   
 Profiling the non-equilibrium dissociation curves of all probe-target duplexes 
requires real-time analysis of the oligonucleotide microarray signals throughout the 
melting process, but this cannot be easily achieved using existing software. A software 
named LabArray was developed to integrate the various components of the imaging 
system for real-time monitoring of the dissociation curves (Figure 4.1). The system 
consisted of an epifluorescence microscope, 100 W mercury lamp, cooled-CCD 
camera, shutter, and Peltier heating stage. The Peltier stage was used to heat the 
microarray at a constant temperature gradient to effect dissociation of the hybridized 
targets from the surface-immobilized probes on the microarray. 
 
 
Figure 4.1 Schematic representation of the imaging system used for real-time monitoring of 
DNA microarrays in dissociation curve analyses. It consisted of an epifluorescence 
microscope, 100 W mercury lamp, mechanical shutter to control light source from the lamp, 
cooled-CCD camera, and a Peltier stage for housing and heating the microarray. The entire 
set-up is connected to a computer and controlled via the software, LabArray. 
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LabArray allows automated image acquisition and real-time signal 
quantification to facilitate the process of microarray image analysis in non-equilibrium 
dissociation studies. The main advantage of LabArray is its ability to perform real-
time monitoring.  Most existing packages do not have such capability, which makes it 
very time-consuming and labor-intensive to conduct these real-time microarray 
experiments. 
 
4.2.1 Program overview 
LabArray was developed using LabVIEW (v7.1) for the creation of a graphical 
user interface (GUI) (Figure 4.2). It integrated the controls of a heating stage (Linkam 
Linksys) and a cooled-CCD camera (Sensicam QE) for the time-lapsed acquisition and 
analysis of microarray images corresponding to different individual temperatures. 
After capturing the first image in an experiment, LabArray employed a morphological 
erosion algorithm [74] to determine the pitch and size of the probe spots. This 
algorithm made use of the covariance of an image containing periodic objects to 
calculate the distance between any two given objects or probe spots. By using spot size 
and pitch as the parameters, the size of the grids required to quantify the array of spots 
was determined. A grid was subsequently formed to define a region of interest (ROI) 
for all spots in the array, and can be manually fine-tuned by the user if necessary. 
Once the user manually shifted the grid over the approximate region of the array of 
spots, an automatic spot-finding process was activated to allow each spot to be located 
by the grids with greater precision. This process also could identify spots that were 
misaligned during the printing process. The gridding and spot-finding steps were only 
necessary for the first image in the experiment.     
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Figure 4.2 Graphical user interface of the software, LabArray, used for controlling image 
acquisition and analysis in DNA microarray studies. 
  
 
To measure the pixel intensities of individual probe spots, LabArray used a 
morphological opening algorithm [74] to initially remove noise found within an ROI 
that might affect the quantification results. For a given ROI, the distinction between a 
spot intensity and its local background was then differentiated based on a 
segmentation algorithm [75]. The final intensities of individual probe spots were 
calculated by subtracting mean background intensity from that of each segmented 
spot, and the values were exported to a spreadsheet file. The quantification step was 
automatically repeated for all subsequent captured images based on the grid from the 
first image. During the experiment, dissociation profiles for any given probe spot 
could be instantly accessed via a pop-up window. When the final image was 
quantified, LabArray determined the Td for each spot based on their respective 
dissociation profiles.  The robustness of the imaging quantification in the LabArray 
was evaluated by comparing a set of microarray images manually quantified using 
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commercial image analysis software, Metamorph. The two sets of result were closely 

























Figure 4.3 Comparison of the dissociation curves generated by LabArray and Metamorph 
during a non-equilibrium dissociation experiment.  The solid line and the squares represent the 
dissociation profiles of a PM duplex as generated by LabArray (PM-L) and MetaMorph (PM-
M) respectively.  The dotted line and the triangles represent the dissociation profiles of a MM 
duplex as generated by LabArray (MM-L) and MetaMorph (MM-M) respectively.  There are 
only slight differences between the profiles generated by LabArray and MetaMorph. 
  
 
LabArray also provided an additional advantage over commercial software. It 
can easily be modified to control multiple cameras as long as a LabVIEW driver is 
available for the camera, and incorporates the controls of other instruments, such as a 
motorized stage, into a common GUI. Such flexibility can greatly enhance its 
capability to cope with more challenging applications.   
 
4.3 Imaging system for analysis of bead signals 
The spots of a microarray are localized in an orderly arrangement (Figure 
4.4a), which allows them to be easily located and quantitated using a fixed grid of 
ROIs implemented in LabArray. In contrast, the random arrangement of the beads in a 
microfluidic device makes it difficult for the bead signals to be located and quantitated 
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using a fixed grid (Figure 4.4b, c). Therefore, the original software must be modified 
in order for it to be applied to the analysis of beads. This includes changing the way in 
which the ROIs are implemented in the software for analyzing the beads signals, and 
the addition of new functions for identifying the spectral codes of the beads. 
 
 
Figure 4.4 Differences between microarray and bead images. (a) The spots in a microarray 
image are localized in an orderly format. (b) The randomly assembled monolayered beads in a 
weir-type microfluidic device. (c) The arrangement of beads in a bead array chip is somewhat 
more orderly than those in (b), but still not as those in a microarray. 
 
4.3.1 Modification to original imaging system 
LabArray implements a fixed, rectangular grid of ROIs for the analysis of 
microarray images. The user then moves the grid over the region of the spots, and 
through activation of a spot-finding function, the spots are precisely located by the 
ROIs. For analysis of bead images, a new software, called rtBeads (Figure 4.5), was 
developed by replacing the automated gridding and spot-finding functions in LabArray 
with a manual function. In rtBeads, the ROI was manually defined for each bead to be 
quantitated. This was done by clicking on the beads, and allowing an algorithm to be 
implemented for creating the ROI over each bead. Once the ROI for a particular bead 
was created, the software instantaneously determined the mean intensity over the area 
covered by the ROI. In some bead images, particularly those in which the beads were 
clustered together, the signal intensity from each bead always appeared higher at the 
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periphery than at the core. Therefore, the ROI quantitated signal from the core of each 
bead, and excluded the periphery, to minimize overestimation of the bead intensity.  
 
 
Figure 4.5 Graphical user interface of rtBeads, the software for controlling imaging and 




The process of manually defining the ROI for each bead using rtBeads is more 
time-consuming than the automated gridding and spot-finding process for microarrays 
in LabArray. However, rtBeads allows the user to select which beads to quantitate, and 
this cannot be achieved in LabArray. Further, this process needs to be performed only 
for the first image, and quantitation of subsequent images is performed automatically 
in rtBeads.   
Additionally, a new function that allows detection of the colorimetric signals 
from each bead was incorporated into rtBeads. After defining all the ROIs, this 
function determined the red, green and blue (RGB) intensity values for each bead. 
From these RGB values, the colorimetric signals exhibited by each bead can be 
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determined. This function was used for decoding the color-encoded beads into their 
spectrally distinguishable types.   
 
4.4 Alternative imaging system 
Acquisition of the bead images can also be performed using an alternative 
system. Instead of rtBeads, image capture is controlled with the commercial software, 
Metamorph. Metamorph allows for time-lapsed acquisition of multiple images at a 
particular interval, but does not permit real-time analysis of the acquired images. 
Rather, the acquired images are stored and batch analyzed at a later time. Therefore, 
this alternative imaging system does not possess the real-time monitoring capabilities 
of the rtBeads system, but allows quick and easy capture of both monochrome and 
color images. Batch analysis of the saved images can then be carried out using 
Metamorph, or a version of rtBeads that permits post-analysis of saved images rather 
than real-time analysis of acquired images. 
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In SNP detection, one of the most commonly used methods is the direct 
hybridization approach. This approach allows the unknown sequence of a target strand 
to be deciphered based on its ability to undergo sequence-specific binding with a PM 
probe. However, non-specific hybridization can often also occur with a MM probe, 
particularly if it contains only a single-nucleotide mismatch (SNM). Therefore, 
accurate SNP detection requires the PM and MM duplexes to be effectively 
discriminated. This can be achieved using electrophoretic methods such as single 
strand conformation polymorphism, denaturing gradient gel electrophoresis and 
heteroduplex analysis [7,76,77]. Alternatively, hybridization can be performed under 
very stringent conditions (e.g. fixed temperature) or with special probes (e.g. 
molecular beacons) such that only PM hybridization can occur [43,78]. This is usually 
followed by end-point detection of the PM duplexes. Due to the need for multiple 
reaction steps, complicated set-ups, and expensive probes, these detection methods can 
be time-consuming, labor-intensive, and costly. 
PM and MM duplexes can also be discriminated based on their differential 
dissociation (or melting) kinetics [79,80]. Profiling the entire dissociation (or 
hybridization) process of PM/MM duplexes generates considerably more information 
than end-point detection, allowing the slight difference in their thermostability to be 
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detected. Such an approach has been demonstrated on DNA microarrays primarily due 
to its ability for parallel analyses [50,81]. Despite its high-throughput, planar 
microarrays are restricted by: (i) the diffusion-limited reaction kinetics which results in 
a lengthy hybridization time (several hours); and (ii) the limited amount of probes that 
can be immobilized on the planar substrate, resulting in low sensitivity and poor S/N 
[27,29]. 
Microfluidic-based devices have been developed for a wide range of biological 
applications, including cell-based immunoassays, DNA extraction, amplification and 
detection [68,82,83]. These devices are an attractive alternative to planar microarrays, 
because the integration of active fluidics in a microenvironment overcomes several of 
the limitations of microarray, leading to lower sample volume requirement, faster 
analysis time, and higher sensitivity. Here, a simple microfluidic device was 
developed for easy assembly of monolayered beads, and applied to the rapid 
discrimination of SNM based on the differential dissociation kinetics between PM and 
MM duplexes (Figure 5.1). The beads are used as solid support for the immobilization 
of oligonucleotide probes that differ by a single base. Hybridization of target 
oligonucleotides to the probes results in the formation of PM and MM duplexes. 
Under optimized conditions, dissociation of the fluorophore-labeled targets from the 
PM probes proceeds at a slower rate than from the MM probes. This yields different 
dissociation kinetics, from which the PM and MM duplexes can be discriminated. We 
demonstrate application of the bead-based microfluidic device for SNP detection by 
discriminating a PM duplex (homozygous) or two PM duplexes (heterozygous) from 
other MM duplexes containing all the possible single-base variants.   
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Figure 5.1 Schematic illustration of the principle behind the discrimination of SNM, and the 
attachment of oligonucleotide probes to the polystyrene beads (inset). 
  
5.2 Results 
5.2.1 Determination of flow rate 
 Flow rates ranging from 5 to 50 μL/min were evaluated for their effect on the 
hybridization profiles. A higher flow rate requires a shorter time for hybridization to 
be completed, which is indicated by the peak of the hybridization profile (Figure 5.2a), 
and this relationship appears to be linear (Figure 5.2b). However the reduction in 
hybridization time is offset by a greater increase in the volume of hybridization buffer 
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required (Figure 5.2b). For example, a 10-fold increase in flow rate from 5 to 50 
μL/min reduced the hybridization time by only 1.7-fold (5 min to 3 min) while 
increasing the volume required by about 5-fold. Therefore, a lower flow rate is 
preferred since the volume savings is more significant than time savings. Also, we 
observed a higher likelihood of bubbles forming in the device for flow rates ≤ 10 
μL/min. Due to these reasons, the flow rate was chosen as 20 μL/min for both 
hybridization and dissociation.   
 
 
Figure 5.2 Optimization of flow rates. (a) Effect of flow rates on the hybridization rates. (b) 
Comparison between the hybridization time and the volume required at different flow rates. 
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5.2.2 Hybridization efficiency 
To investigate whether the hybridization efficiency is affected by the position 
of the beads along the flow direction, a large number of PMg beads (~ 15 000) were 
introduced into the device, such that the furthest bead was ~350 μm from the weir 
(Figure 5.3a). After hybridization (0.1 ng/μL target DNA, 300 mM NaCl, 0% 
formamide) was completed, fluorescence signal intensity was quantitated by defining 
region-of-interests (ROIs) for each bead. Signals from the periphery of each bead, 
which usually appeared brighter due to overlapping beads, were excluded by the 
circular ROI to avoid overestimating the mean bead intensity. Figure 5.3b shows that 
the mean intensity profile of the beads remains relatively uniform along the horizontal 
flow direction. This indicates that fluorescence intensity, and hence the hybridization 
efficiency, is independent of the bead position within the device. 
Chapter 5: Results and Discussion - 2 
 55
 
Figure 5.3 (a) Fluorescence image of a large number of monolayered PMg beads captured 
within the device. The direction of flow is denoted by the white arrow. A magnified view of 
some beads and the circular ROIs used to quantitate them is shown. (b) Mean fluorescence 
intensities of the image shown in (a). 
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5.2.3 Optimization of SNM discrimination 
The ability of the bead-based microfluidic device to discriminate PM/MM 
duplexes based on their hybridization kinetics was investigated. Different 
concentrations of NaCl, target DNA and formamide in the hybridization buffer were 
separately evaluated for their ability to maximize the difference between the PM and 
MM hybridization kinetics. It was reported that PM and MM duplexes could be 
discriminated based on their differential hybridization kinetics as both duplexes 
require different times to reach equilibrium [84]. However, our results show that PM 
and MM hybridization kinetics are not significantly different (DImax < 1.25) despite 
varying the concentrations of NaCl (0 to 900 mM) or target DNA (0.01 to 0.5 ng/μL) 
(Figure 5.4a). On the other hand, an increase in formamide concentration greater than 
30% results in a corresponding increase in DImax. At 60% formamide, the PM and MM 
hybridization kinetics differ significantly (DImax ~ 2.3) and discrimination is easily 
achieved. However, it is undesirable to perform hybridization at such high formamide 
concentrations as signal intensities are ~70-90% lower than those performed at 30% 
formamide, thus reducing the sensitivity of detection (results not shown). These results 
suggest that the hybridization buffer composition could not be sufficiently optimized 
to allow effective discrimination of PM/MM duplexes in the microfluidic device. 
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Figure 5.4 (a) Effects of NaCl, target DNA and formamide concentrations on DImax values 
during hybridization. (b) Effects of NaCl and formamide concentrations on the DImax values 
during dissociation. 
 
 Optimization studies were next performed for discriminating PM/MM 
duplexes during the dissociation phase. Various concentrations of NaCl and 
formamide in the dissociation buffer were separately evaluated for maximizing the 
difference between the PM and MM dissociation kinetics. Figure 5.4b shows that 
DImax values for PM/MM dissociation kinetics vary according to a change in NaCl (0 
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to 700 mM) or formamide (0 to 70%) concentration. The maximum difference 
between the PM and MM dissociation kinetics is achieved at 100 mM and 50% of 
NaCl and formamide respectively. Furthermore, DImax values at these concentrations 
are also higher (> 2.2) than those for hybridization (< 1.25), making it easy to 
discriminate between the two duplexes. These results indicate that PM/MM 
discrimination via their dissociation kinetics is easier to optimize than for the 
hybridization kinetics. Consequently, PM and MM duplexes are easily discriminated 
because of the significant difference between their dissociation kinetics. 
 
5.2.4 SNP detection 
To demonstrate application of the microfluidic device for SNP detection, 
discrimination of SNM was expanded to include the PM duplex and three other 
possible MM duplexes. Two other sets of microbeads functionalized with MMa and 
MMt probes were sequentially introduced into the microfluidic device together with 
the PMg and MMc beads (Figure 5.5a). Target DNA introduced into the device 
hybridized with all four probes, forming PM duplex with the PMg probe, MM duplex 
containing a C-C mismatch with the MMc probe, MM duplex containing a C-T 
mismatch with the MMt probe, and MM duplex containing a C-A mismatch with the 
MMa probe. The duplexes were dissociated with the optimized buffer composition 
(100 mM NaCl and 50% formamide). Figure 5.5b shows that dissociation of the three 
MM duplexes occurs very rapidly and is completed within 3 min. In contrast, 
dissociation of the PM duplex occurs more gradually and only 60% of all PM duplexes 
are dissociated after 3 min. As a result, discrimination of the PM duplex from the three 
MM duplexes is easily achieved based on their differential dissociation kinetics. The 
DImax for the PMg duplex against each of the MMc, MMt, MMa duplexes are 2.23, 
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2.11 and 2.28 respectively. The experiment was then repeated by reversing the order 
of probe-bead sets within the device, and the resulting dissociation kinetics were 
almost identical to the first (result not shown). This suggests that the differential 
dissociation kinetics, and hence the effectiveness of discriminating SNM, are not 
affected by the relative positions of the functionalized bead sets within the 
microfluidic device.   
 To demonstrate detection of a heterozygous SNP sample using the microfluidic 
device, the experiment was repeated by hybridizing the probes with equimolar mixture 
of two sets of target DNA representing a C/G variant at the SNP site of interest. The 
targets formed PM duplexes with the PMg or PMc probes, while forming C (or G)-T 
mismatch with the MMt probe, and C (or G)-A mismatch with the MMa probe. Figure 
5.5c indicates that both PMg and PMc duplexes have very similar dissociation kinetics 
(DImax = 1.0), which are in turn very distinct from that of the MMt and MMa duplexes 
(DImax = 1.62 and 1.63, respectively), showing that a set of heterozygous variants can 
also be effectively detected using the microfluidic device. However, the discrimination 
in this instance is lower than that for the homozygous detection. A possible 
explanation is that the homozygous detection required discrimination of C-C, C-T, and 
C-A mismatches, while the heterozygous detection additionally required 
discrimination of G-C, G-T, and G-A mismatches. Studies (results not shown) showed 
the latter to have lower discrimination (i.e. lower DImax) as compared to the C-C, C-T 
and C-A mismatches, which might explain the reduced discrimination observed in 
Figure 5.5c.  
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Figure 5.5 (a) Fluorescence image of beads at the start of dissociation. The bead-sets were 
sequentially introduced into the chip, separated by spacer beads. Microbeads functionalized 
with PMg probes were introduced first. The arrow denotes direction of flow. (b) Fluorescence 
intensity of the duplexes recorded as a function of time during dissociation following the 
hybridization of homozygous and (c) heterozygous targets. Hybridization was carried out for 8 
min before introduction of a dissociation solution containing 50% formamide and 100 mM 
NaCl. 
 
5.2.5 Reconstitution of probe-beads  
The reusability of the probe-beads after one hybridization/dissociation cycle 
was also investigated. The probe-beads were hybridized and then dissociated with 
90% formamide. It had been reported that the probe-beads could be fully reconstituted 
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after dissociation with such a high formamide concentration [19]. However we were 
unable to reconstitute the probe-beads fully in our case. As seen in Figure 5.6a, the 
reconstitution efficiency is only 42% upon re-hybridization. This is possibly due to a 
degradation of the streptavidin-biotin bonds under high formamide concentrations 
[85]. Subsequently when the formamide concentration in the dissociation buffer was 
reduced to 60% and 50%, reconstitution efficiency increased to 70% and 75% 
respectively (Figure 5.6b). This further suggests that a high formamide concentration 
causes degradation of the streptavidin-biotin bonds, making 100% reconstitution of the 
probe-beads impossible. 
 
Figure 5.6 (a) Fluorescence intensity recorded as a function of time during hybridization of 
target DNA to the PMg probes, followed by dissociation with 90% formamide, conducted over 
two cycles. (b) Reconstitution of probe-beads after hybridization and dissociation with three 
different concentrations of formamide. Reconstitution efficiency is measured by comparing 
the maximum fluorescence intensities attained during the second hybridization cycle as a 
percentage of that attained during the first cycle. 




5.3.1 Optimization of SNM discrimination 
 The optimization studies allowed a set of buffer conditions to be derived for 
SNM discrimination based on differential dissociation kinetics. The use of formamide 
as the denaturant allows temperature-independent dissociation to be carried out, 
obviating the need for precise thermal control that is otherwise required for melting 
curve analysis. It also minimizes the bias that arises from the temperature dependency 
of common fluorophores such as the Cy3 dye used in our studies [62]. Furthermore, 
pressure-driven flow ensures that the formamide is efficiently transported to the 
duplexes for dissociation to take place rapidly. Melting curve analysis, on the other 
hand, usually requires more time since heat transfer is less efficient and takes longer to 
reach steady state. 
 One shortcoming associated with the method is that real-time monitoring of the 
dissociation process requires continuous imaging and hence repeated exposure of the 
Cy3-labeled targets to ultra-violet light. This causes photobleaching of the fluorophore 
which reduces the signal intensity of the PM duplex. The MM duplex, on the other 
hand, is affected to a lesser extent as most of the targets are dissociated within 1-2 min 
from the start. Overall, this reduces the difference between the PM and MM 
dissociation kinetics and hence the discrimination power.  
 To minimize the effect of photobleaching on the PM and MM dissociation 
kinetics, organic fluorophores can be replaced with semiconductor nanocrystals (e.g. 
quantum dots) that are highly photostable. Alternatively, end-point detection can be 
carried out to discriminate the PM/MM duplex instead of monitoring their dissociation 
kinetics. This requires prior understanding of the PM/MM dissociation kinetics so that 
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they can be detected at a time whereby their intensity difference is the greatest, thus 
maximizing the discrimination power.     
 
5.3.2 Bead-based microfluidic device 
Microbeads have frequently been used as carriers for biorecognition elements 
such as oligonucleotide probes in microfluidic devices because of their high surface-
to-volume ratio. Compared to planar surfaces, a higher concentration of probes can 
now be immobilized within a certain volume, leading to enhanced S/Ns. Unlike planar 
surfaces (e.g. microarrays), bead-based hybridization reactions are no longer limited 
by the diffusion of targets to the surface, leading to improved binding kinetics and 
reduced analysis times. Another advantage of bead-based microfluidic devices is their 
ability to be reused simply by replacing the set of beads, thereby saving much time and 
cost that must otherwise be spent on the microfabrication process. DNA microarrays, 
on the other hand, cannot be reused without compromising on the hybridization 
efficiency [50]. 
Physical structures (e.g. weirs, pillars) or magnetic fields are often used in 
bead-based microfluidic devices to capture beads in a packed bed format [44]. For 
example, primer-conjugated beads packed within a microchamber were used to 
perform allele-specific extension for SNP analysis [45]. Detection of signal from the 
entire packed bed was used as an indication of specific hybridization. Capturing beads 
in a packed bed format allows the use of smaller bead sizes (< μm), which in turn 
increases the surface-to-volume ratio further. Design and fabrication of such devices 
are also easy, since the beads need not be captured in an orderly manner. Such devices 
are, however, limited in its throughput unless the number of available captured zones 
can be greatly increased.   
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To overcome this limitation, beads have been assembled in a monolayer within 
microfluidic devices, which allows them to be individually analyzed [17]. High-
throughput analysis is then possible since up to tens of thousands of beads can be 
assembled in each device. For example, a bead array chip was developed by etching 
multiple pyramidal wells onto a silicon wafer to contain a single bead per well [19]. 
Discrimination of SNM was achieved by simultaneously monitoring the target 
dissociation from probes immobilized on the bead array. Even though such bead array 
chips can achieve a level of throughput comparable to those of microarrays, 
complicated techniques involving microelectronics are often required for patterning 
and self-assembly of the beads [51].  
The bead-based microfluidic device described in this study easily and rapidly 
captures a monolayer of beads without the need for complicated bead assembly, using 
a simple weir-type structure similar to those for trapping packed beads. Beads 
introduced into the device via an inlet are captured by the weir-type structure and 
assembled into a monolayer. The key to assembling monolayered beads with the 
simple weir-type structure is to restrict the height of the flow chamber to 13 μm 
(slightly larger than the 9.95 μm beads), which prevents the beads from stacking on 
top of one another to form a packed bed. Furthermore, simulations of the fluidic flow 
profile show that the 13 μm depth also results in a lower amount of dead volume (9%) 
as compared to a larger depth (e.g. 50 μm, 42%) (Figure 5.7). However, such a small 
chamber depth requires a higher pressure drop to drive the fluid flow [86]. For 
example, at a given flow rate, reducing the chamber depth from 50 μm to 13 μm 
increases the pressure drop by about 57 times. This can lead to leakage problems, as 
well as limits the maximum flow rate that can be applied to the microfluidic device.  
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To prevent leakages at high pressure drops, the microfluidic device was 
fabricated by anodically bonding a glass cover to an etched silicon base. These 
silicon/glass devices are much stronger than those fabricated using PDMS, which can 
be prone to leakages particularly if they contain smaller channels and are bonded using 
conformal contact [86]. The strength of the microfluidic device was demonstrated by 
applying a flow rate of up to 500 μL/min without any leakage or breakage. Also, the 
ease of mass fabrication using standard semiconductor processing techniques allows 
up to hundreds of these silicon/glass devices to be produced ready for use. In contrast, 
most PDMS devices require much time and labor for the fabrication of a single device 
using replica molding or other soft lithographic techniques [70]. This includes the need 
to cure the PDMS prepolymer for at least 1-2 h, followed by bonding of the cured 
PDMS to a PDMS or glass substrate using either conformal contact or plasma 
treatment.  
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5.4 Conclusion 
A microfluidic device that allows easy assembly of monolayered beads was 
developed for the discrimination of SNM. The use of dissociation kinetics accentuated 
the slight difference in PM and MM duplex stability, allowing them to be easily 
discriminated. Through the optimization studies, hybridization and dissociation were 
completed within 5 and 3 min respectively, which makes the total detection time (8 
min) one of the fastest currently reported [19]. Other advantages of this device 
include: (i) a simple and efficient design which obviated the need for thermal control, 
since temperature-independent dissociation was carried out with formamide as the 
denaturant; (ii) the ability to capture a monolayer of beads without complicated 
assembly; and (iii) the potential for high-throughput, since up to thousands of different 
beads can be incorporated and simultaneously analyzed. With further work, the bead-
based microfluidic device can be developed into a simple, low-cost, and possibly high-
throughput platform for rapid SNP detection. 
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The incorporation of beads as solid support for biocapture elements in 
microfluidic devices has become increasingly popular due to the added advantages of 
these microparticles such as a larger surface-to-volume ratio for the immobilization of 
molecules, improved reaction kinetics, and greater control over bead localization 
[17,44]. To locally pack (or capture) beads within a microfluidic device, one approach 
is to use magnetic fields or simple physical structures (e.g. a weir) [46,68]. As the 
entire packed bed of beads is detected collectively to yield an overall signal, such 
bead-based devices provide high detection intensity but are low in throughput due to 
the limited number of capture zones. Alternatively, thousands of beads can be captured 
as a monolayer array within the microfluidic device to achieve high-throughput (akin 
to microarrays) in data intensive applications such as SNP detection [47,48]. However, 
unlike the microarray platform whereby each spot of immobilized molecules is 
spatially addressed, monolayer-assembled beads are randomly localized within a 
microfluidic platform, and the identity of each bead and its corresponding immobilized 
molecules cannot be easily addressed.  
Coding beads with different colorimetric signatures serve as a solution to 
identify and distinguish different bead types within a microfluidic device [20]. The 
beads can be embedded with color-emitting agents (e.g. visible dyes, organic 
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fluorophores, or semiconductor nanocrystals) to yield a wide spectrum of colors 
discernible through visual or fluorescence detection [21,22]. In theory, > 10 000 
unique codes are reported to be possible using different ratios and intensities of these 
color-emitting agents, but experiments only demonstrate up to 9 and 100 recognizable 
codes using luminescent QDs and organic fluorescent dyes respectively [23,24]. This 
is due to difficulties in mixing precise ratios of the color-emitting agents to achieve 
reproducible color codes and in distinguishing between large numbers of codes. The 
possible interference between the signals from the color-emitting agents and the 
reporter dyes further limits the number of these agents that can be used for encoding 
the beads. 
An improved technique over the permanent color impregnation method is to 
decode beads using binary barcodes formed from colorimetric signals that can 
subsequently be removed [50]. Repeated hybridization of labeled targets to bead-
immobilized probes allows a series of colorimetric signals to be generated for forming 
the binary barcode that is used to identify each bead. This approach allows a greater 
number of unique codes to be created than that permissible merely with colors. 
However, the decoding process (i.e. repeated hybridization and washing) is tedious 
and time-consuming, while the abundant oligonucleotide targets required add to the 
cost of this technique. 
Here, we propose a method of addressing an array of immobilized beads based 
on molecular encoding, as an alternative to conventional color encoding approaches. 
Beads are encoded into distinguishable types by tagging them with identification (ID) 
molecular probes, which consist of unique sequences of oligonucleotides. After 
assembly on a chip, the bead types are distinguished by decoding them with 
corresponding ID targets labeled with different colorimetric signatures (Figure 6.1). 
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An ID probe, on conjugation to a bead, acts as a unique identifier which can be 
directly addressed based on the color emitted on hybridization with its complementary 
labeled ID target. This method is demonstrated here using four different color-emitting 
QDs to label four different ID targets separately. This allows four bead types to be 
decoded in each round of hybridization, and four more bead types can be decoded with 
every additional hybridization step. A simple decoding of 12 bead types on a gel-based 
chip is demonstrated here.   
 
 
Figure 6.1 Schematic representation of the bead coding/decoding method. (a) Beads are 
randomly immobilized onto a chip fabricated with an array of gel pads. (b) Enlarged view of 
beads immobilized onto a particular gel pad. The beads are encoded with unique ID probes 
that will only hybridize to their complementary targets. (c) Targets labeled with four different 
color-emitting QDs are hybridized to the first four encoded bead types, allowing them to be 
decoded based on the corresponding colorimetric signatures. (d) The next four bead types are 
decoded in the next round. (e) The last four bead types are decoded in the final round, and the 
signals can then be removed once the beads are decoded. 
  
 




6.2.1 Immobilization and stability of beads on chip 
The ability of the gel pads to immobilize beads was investigated by subjecting 
a set of spotted beads to fluidic flow. Streptavidin-coated polystyrene beads were 
spotted onto one of the gel pads, and most of the beads fell within the gaps created by 
the micropillars (Figure 6.2). The chip was then sealed with a polydimethylsiloxane 
(PDMS) microfluidic module, and subjected to fluidic flow of TT buffer at 50 μL/min 
for 20 min. Images of the immobilized beads taken before and after the introduction of 
fluidic flow showed that none of the beads were dislodged from their respective 
positions, achieving 100% efficiency for immobilizing the beads (results not shown). 
In comparison, beads that were deposited onto a silanized glass slide without the gel 
micropillars were washed away when flow was introduced. These observations 
suggested that the beads were possibly immobilized onto the surface of the glass slide, 
where a thin layer of polyacrylamide had been deposited during the 
photopolymerization process, in addition to being physically confined between the 
micropillars.     
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Figure 6.2 Image showing a gel pad with beads immobilized onto it. 
 
 
6.2.2 Encoding/decoding beads 
 To demonstrate the method for addressing beads through molecular encoding, 
12 bead types were encoded and subsequently decoded on the gel-based chip. The first 
four bead types (ID1 to 4) were hybridized with decoding targets in solution before the 
mixture of the 12 bead types was transferred onto the gel-based chip. Decoding of the 
first four bead types were conducted in tube to reduce the number of rounds of 
decoding performed on the chip. This also reduced the amount of labeled targets added 
to the chip, and minimized the background fluorescence. Figure 6.3a shows that the 
decoded beads clearly displayed signals of four distinct colors corresponding to the 
four types of QDs that have been labeled to ID1 (QD525, green), ID2 (QD565, 
yellow), ID3 (QD585, orange) and ID4 (QD655, red). Also, the undecoded beads did 
not display any detectable signals or non-specific hybridization of targets to probes.  
The next four sets of beads (ID5 to 8) were decoded on-chip by hybridization 
with their respective targets, displaying four additional distinct colors (Figure 6.3b). 
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The undecoded beads displayed slightly higher signals than from the first decoding, 
due to the presence of the hybridization solution that contributed to a higher 
background rather than non-specific hybridization. The first four bead types decoded 
in the previous round (indicated by the white arrows) did not retain some of their 
original colors. This was due to partial dissociation of the labeled ID1 to 4 targets 
during this round of decoding. The decoding time of 30 min can also be further 
reduced, as optimization studies showed that hybridization on the chip is completed 
within 10 min (results not shown). 
The final four bead types (ID9 to 12) were decoded as per the previous four 
and similarly, they displayed four distinct colors (Figure 6.3c). These results show that 
specially designed ID probes can be used to encode beads into distinguishable types, 
which are subsequently decoded into different colors by hybridization with their 
labeled targets. The number of distinguishable types that can be achieved is a product 
of the number of different fluorescent labels used and the number of decoding steps. 
Similarly, some of the previous four decoded bead types (indicated by the red arrows) 
appeared not to have retained their original colors. 
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Figure 6.3 Fluorescence images of the 12 bead types on a single gel pad after three rounds of 
decoding. (a) The first four bead types (ID1 to 4) after the first round of decoding. (b) The 
next four bead types (ID5 to 8) after the second round of decoding. The first four bead types 
decoded in the first round were indicated by the white arrows. (c) The final four bead types 
(ID8 to 12) after the third round of decoding. The four bead types decoded in the previous 
round were indicated by the red arrows. Typical intensity profiles of beads from the first four 




This study has developed a method of sequentially decoding sets of encoded 
bead types based on their colorimetric signals. Unlike those color impregnating 
methods, where the colorimetric signals of beads cannot be removed and can interfere 
with the signals from the actual analysis, the current approach displays their 
colorimetric signals only during an intended period of decoding, and can be removed 
once the beads have been distinguished. Thus, the signal obtained during the actual 
bioanalysis will not be interfered.     
To realize the current bead encoding/decoding method, a platform that can 
rapidly form monolayered beads at different spatial locations is necessary. Physical 
structures (e.g., weirs and pillars) and magnetic fields are commonly used to 
immobilize beads at pre-defined zones of a microfluidic channel [45,87], but cannot 
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easily achieve monolayered bead capture for facilitating high-throughput parallel 
analyses. Furthermore, magnetic fields might not be able to achieve high bead capture 
efficiency without lengthy optimization efforts [86,88]. Alternatively, a monolayer of 
beads can be immobilized by fabricating a dense array of discrete microwells on which 
individual beads can rest [19], or by employing electric fields or fiber optics to 
assemble beads onto designated positions on a wafer [89]. In the latter approach, 
approximately 4000 beads were assembled onto an area of 300 x 300 μm2 in a silicon 
wafer [51]. However, fabrication of these devices requires photolithographic 
processes, which can be complicated and time-consuming owning to the large-scale 
assembly of beads. Techniques for bead assembly that involve electric fields or fiber 
optics also add to the complexity of these devices.  
This study uses an array of polyacrylamide gel pads as an ideal platform for the 
immobilization of beads. The array of gel pads can be easily fabricated on a glass slide 
within 30-45 min using photopolymerization, and are easily accessible to buffers and 
reagents. Beads can be easily and readily deposited onto the gel pads using a simple 
pipette. The use of the micropillars can effectively separate the beads at different 
spatial locations, and facilitates quantitation of signals from individual beads. 
The coding/decoding approach described here shares similarities and 
differences with the one described by Gunderson et al. [50]. Both methods involved 
DNA hybridization for the attainment of colorimetric signals, and that these signals 
can also be removed after the beads had been decoded. However, our method uses 
specially designed ID probes tagged to a bead to provide it with a unique identity that 
is uncovered when the probe is hybridized to its complementary labeled target. In 
contrast, Gunderson et al. use a series of hybridization and washing steps to create a 
binary barcode for identifying each bead type. Hybridization is repeated with the same 
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set of targets but labeled in a different order to generate a series of colors that forms 
the binary barcode for a particular bead type. This decoding process requires a large 
amount of targets as compared to our method. Further, our method does not require 
washing away the hybridized targets prior to the next hybridization step, thus saving 
time and effort. With every subsequent hybridization step, further sets of beads are 
decoded based on the number of different QDs used. We have applied four different 
colors of QDs, but up to 10 different discernible colors have been produced [63]. 
These QDs are known to have superior optical properties (e.g. broad absorption but 
narrow symmetry emission spectrum, and photostability) over organic fluorophores. A 
common filter can be used to visualize all the different colors emitted by the QDs at 
once, and the signal intensity remains strong despite continued exposure. 
It is further possible to increase the throughput of our approach by spotting 
different sets of the 12 bead types onto different gel pads, using either a robotic arrayer 
or manually using a pipette. Spotting the beads onto just 10 gel pads would increase 
the throughput to 120, while requiring only the same 12 sets of ID targets. Thus, the 
throughput of the system can be enhanced without increasing the number of ID probes 
or QDs used. 
 
6.4 Conclusion 
A method for addressing beads based on molecular encoding is demonstrated 
using a gel-based chip as the platform. The chip allows beads to be readily 
immobilized at fixed spatial locations. Beads are encoded by unique ID probes, and 
decoded on a single hybridization step based on stable colorimetric signals from 
different color-emitting QDs. With further hybridization steps, the number of beads 
that can be decoded is correspondingly increased. The colorimetric signals can be 
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removed after decoding has been completed, which prevents them from interfering 
with the signals of interest obtained during the actual analysis. This provides a 
versatile, rapid, and direct alternative to code beads with removable colorimetric 
signals, which would enhance the multiplexing capability of bead-based devices.    
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A SPATIALLY ADDRESSABLE BEAD ARRAY CHIP 
 
7.1 Introduction 
Due to its ability for massively parallel analyses of nucleic acids within a 
single experiment, DNA microarray technology has been widely applied in areas such 
as biomedical research, clinical studies and environmental monitoring [29,90]. In this 
technology, the precise localization of microscopic spots of cDNA or oligonucleotide 
probes on a solid substrate allows each spot to be identified (or addressed) by its 
unique spatial code. Thus, hundred thousands of different probes can be immobilized 
on a single microarray [91]. Despite its tremendous throughput, this technology is 
greatly restricted by the diffusion limited kinetics between the targets and surface-
bound probes, resulting in a lengthy hybridization time (> 8 h). In addition, the amount 
of probes that can be immobilized on the planar substrate, and thus the S/N, can be 
limited, and this may affect the detection sensitivity and signal specificity [16]. 
 Bead arrays are becoming increasingly popular in nucleic acids analysis [44]. 
Unlike planar microarrays, the high surface-to-volume ratio of beads allows a larger 
amount of probes to be immobilized to improve the detection signals and S/Ns. The 
small size of beads can further reduce the reaction volume, and the use of 
microfluidics in bead arrays can shorten the hybridization time to < 10 min, a 50 to 70-
fold reduction as compared to conventional microarrays [19]. The major challenge in 
developing bead arrays is to identify the identities or their corresponding immobilized 
probes of those randomly assembled beads in multiplexed analyses. The most common 
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strategy is to encode beads with colorimetric signatures using semiconductor 
nanocrystals, visible dyes or fluorophores, and subsequently decode them through 
visual or fluorescence detection [22]. For example, 9 and 32 types of spectrally 
distinguishable polymeric beads were prepared using quantum dots and fluorescent 
dyes respectively [51,63].  Such color-encoding approaches, however, can be limited 
by the possible overlap between different encoders or between the encoder and 
reporter signals, and the time and process required to encode and decode the beads into 
spectrally distinguishable types can be lengthy and tedious [23,24]. 
An encoding method with high-throughput potential yet requires minimal 
efforts for encoding and decoding the beads would simplify the development and 
usage of bead array chips. Here we demonstrate the use of spatial codes for identifying 
beads in an array as an alternative to color-encoding (Figure 7.1). Beads of a certain 
type are spotted onto a polymeric micro-matrix (or gel pad) on the surface of a glass 
chip. The natural immobilization of the beads by the gel pad allows each bead to be 
anchored within the gel pad on a unique location, acquiring spatial codes (or 
addresses) that can be easily recorded via an acquired image (Figure 7.2). Beads of a 
second type spotted over the same gel pad take up spatial codes distinct from those of 
the first bead type. This is repeated for immobilizing and distinguishing further bead 
types on the gel pad. The throughput can be increased by further spotting hundreds or 
even thousands of different bead types onto different locations of the gel matrix using 
a robotic spotter or a pipette. Using synthetic targets, the bead array is demonstrated to 
rapidly (10 min) detect specific (single-base resolution) model bacterial species and 
single-nucleotide polymorphisms (SNPs).    
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Figure 7.1 Schematic illustration of the spatial encoding principle behind the bead array chip. (a) The 
chip comprised an array of polyacrylamide gel pads fabricated onto a surface of a glass slide. (b) Each 
gel pad further comprised an array of micropillars. (c) The first set of beads is spotted onto the gel pad, 
and the beads become immobilized within the gaps created by the micropillars. The immobilized beads 
remained affixed at their respective positions, thus acquiring spatial codes that allow them to be 
identified. (d) A second set of beads is spotted onto the same gel pads, and they acquire spatial codes 
distinct from those of the first set. Beads from the first set still remained affixed. (e) This is repeated for 
further sets of beads, which are also identified by their spatial codes. (f) This can be repeated for 
spotting beads onto every single gel pads on the chip. 
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Figure 7.2 The bead array chip. (a) The chip comprised a glass slide with a gel matrix fabricated onto 
its surface. It is shown here capped with a PDMS microfluidic module for sample flow-through, 
although it can also be used without this module. (b) The matrix comprised an array of 300 x 300 μm 
polyacrylamide gel pads. (c) Each gel pad (10 μm thick) further comprised an array of micropillars 
measuring either 10 x 10 μm or 20 x 20 μm each, and spaced evenly at 10 μm. (d) The first set of beads 
spotted onto a gel pad, and the spatial address for each bead is recorded in terms of their x, y 
coordinates. The micropillars help to separate the beads. (e) This was followed by spotting a second set 
of beads (red arrows), and (f) A third set of beads (yellow arrows). The distinct sets of beads were easily 




7.2.1 Beads immobilization on chip 
The ability of the gel chip to immobilize and separate beads was investigated 
using a set of unconjugated beads and beads conjugated with 1392G probes. Each set 
of beads was spotted onto four gel pads, capped with a PDMS module and subjected to 
a fluidic flow of TT buffer at 50 µL/min for 20 min. Autofluorescence images showed 
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that there were a total of 98 unconjugated and 108 conjugated beads in all the gel pads. 
All these beads remained in their respective positions under the fluidic flow of the TT 
buffer, thereby achieving 100% immobilization efficiency (results not shown). In 
addition, both unconjugated and conjugated beads showed no difference in their ability 
to be immobilized by the chip, suggesting that immobilization efficiency was 
unaffected by the conjugation of oligonucleotides to the beads. 
 
7.2.2 Hybridization kinetics on chip 
To understand the hybridization kinetics of DNA targets to PM and MM 
probes on the gel chip, beads conjugated with 1392G and 1392C probes were 
sequentially spotted onto the same gel pads. Our previous study reported that 
hybridization kinetics for PM and MM duplexes were significantly different when the 
buffer contained ≥ 30% formamide [92]. Thus, hybridization of 1392C targets to 
1392G (PM) and 1392C (MM) probes was monitored real-time using buffers that 
contained 300 mM NaCl and formamide concentration ranging from 0% to 50%. 
Passive hybridization was carried out by dispensing the buffer over the area of the 
spotted beads instead of sample flow-through using a microfluidic module. 
Hybridization kinetics for both duplexes reached a plateau after 10 min. PM and MM 
hybridization kinetics could be clearly distinguished after increasing the buffer 
formamide concentration to 30% and 50% (Figure 7.3), as the final intensity of the PM 
duplex is > 2 times higher than that for the MM duplex.   
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Figure 7.3 PM (■) and MM (Δ) hybridization kinetics on chip under different formamide 
concentrations.   
 
 
7.2.3 Detection of bacterial species 
To demonstrate detection of bacterial pathogens, beads coded with PM and 
MM probes targeting 10 model bacterial species were spotted onto discrete gel pads on 
the chip (Figure 7.4a). The two bead types were easily distinguished from each other 
based on their spatial addresses (Figure 7.4b). Results from passive hybridization 
indicate that the synthetic DNA targets hybridized more favorably to the PM than to 
the MM beads (Figure 7.4c), with a PM/MM ratio > 1.5 for all but one of the bacterial 
species (Figure 7.4d). The exception was Bacteroides vulgatus (F8), which attained a 
PM/MM ratio of only about 1.4. The lower PM/MM ratio is likely due to the higher 
GC content of the probes targeting F8 (~ 64%) than other probes (43-61%), which can 
result in stronger PM and MM duplexes that required more stringent hybridization 
conditions than those currently used (300 mM NaCl, 30% formamide) in order to 
achieve effective discrimination. Still, better discrimination of a single nucleotide 
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Figure 7.4 Detection of bacterial species. (a) Autofluorescence image showing beads targeting 
the 10 bacterial species precisely spotted onto the gel pads. (b)  PM and MM beads targeting 
Eubacterium biforme (F3) were sequentially spotted and immobilized onto one of the gel pads. 
(c) Fluorescence image of the PM and MM signals for F3 after hybridization was completed, 
showing the difference in signal intensities that allows the PM to be discriminated from MM 
(d) S/Ns as well as the PM/MM ratios from quantitation of the PM and MM signals for each of 
the 10 bacterial species.   
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7.2.4 Detection of SNPs 
To demonstrate detection of homozygous SNP variants, beads targeting model 
1392C and 3435C SNPs were sequentially spotted onto the gel pads. Each gel pad 
contained the four bead types targeting one of the SNPs. After 10-min passive 
hybridization and brief washing, the S/Ns for all 8 sets of duplexes from both the 1392 
and 3435 SNPs were obtained (Figure 7.5). S/Ns for both sets of PM duplexes 
exceeded 3.0, and these were significantly higher than those for the MM duplexes (< 
1.3). This allowed the homozygous targets to be unambiguously detected with very 
high specificity, as the PM/MM ratio exceeded 2.5 for both the 1392 and 3435 SNPs. 
These PM/MM ratios were higher than that achieved for the bacterial species, possibly 
because the probes used here were shorter (15-18 bp) than those for the bacterial 
species (21-24 bp), and this increased the discrimination power between PM and MM 
duplexes.  
To demonstrate detection of heterozygous SNP variants, the above study was 
repeated with equal molar mixture of 1392C/A and 3435C/T targets in the 
hybridization buffer. S/N from the two sets of PM duplexes for 1392 SNP (1392G and 
1392T) and 3435 SNP (3435G and 3435A) all exceeded 2.9 while none of those from 
the MM duplexes exceeded 1.6 (Figure 7.5). These resulted in both sets of SNPs 
having PM/MM ratios > 1.8, thereby allowing the PM duplexes to be distinguished 
from the MM duplexes and the heterozygous variants effectively detected. For both 
homozygous and heterozygous detections, student t-tests all achieved P-values < 
0.00002, further showing the significant differences between the PM and MM S/Ns in 
each SNP. 
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Present technology for creating bead arrays is usually complicated and requires 
costly machinery. This is because thousands of beads must be manipulated to fill up 
microwells etched onto a silicon surface or optical fiber bundles, so that each bead can 
be individually analyzed for high-throughput detection [19,50]. Moreover, the 
randomly assembled beads must be coded for them to be identified within the array. 
The process of encoding and decoding the beads, usually into their spectrally distinct 
types, can be tedious, time-consuming and sometimes costly with limited throughput.   
Our method demonstrated for the first time the incorporation and identification 
of an array of beads on a chip-based platform without any prior encoding. Through 
control of the robotic arrayer, beads are microtargeted to precise locations on the chip 
and identified based on spatial codes. The key to this method is the ability of the 
polyacrylamide gel pads to readily and firmly immobilize and separate the polystyrene 
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beads without any surface modifications or magnetic/electric field even in the presence 
of fluidic flow. Although the actual mechanism responsible for the bead 
immobilization has yet to be ascertained, this mode of immobilization is simple, 
straightforward, and yet effective. Beads can also be introduced onto the chip 
manually with the use of a micropipette, providing a fast and simple method for 
incorporating the beads without the need for a robotic arrayer.      
The proposed spatial encoding method provides an alternative to color 
encoding, by far the most widely used method for identifying an array of beads. 
Identifying beads based on their spatial codes obviates the need for any prior 
encoding, which is required for most color encoding approaches, since the beads 
acquire their codes automatically when spotted. The throughput of the spatially 
addressable bead array chip is mainly limited by the number of bead types that can be 
spotted, but this can be alleviated with the use of the robotic arrayer that 
programmatically microtargets different bead types over one or many locations on a 
chip. Spotting four bead types onto each gel pad (which was demonstrated for the SNP 
detection) from an array of just 10 x 10 gel pads would allow immobilization of 400 
different bead types on the chip. Since the identity of each bead is unambiguously 
defined by the position it occupies, the use of smaller beads can further increase 
throughput. Further, the array of polyacrylamide gel pads is also easy to fabricate, 
requiring only a glass slide as the substratum, and the photopolymerization process is 
much simpler than photolithography as no etching is required. Photopolymerization is 
also faster, requiring only about 30-45 min, and the resulting gel pads are easily 
accessible to buffers and reagents.   
With planar DNA microarrays, a lengthy time (> 8 h) is required for 
hybridization and washing steps, because the reaction is dependent on Brownian 
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motion bringing targets in close proximity to the probe for a binding event to occur. 
To overcome this, microarrays have increasingly been integrated with a microfluidic 
module for introducing active fluidics to improve mixing and circulation, and ensure 
the constant supply of target molecules, hence reducing the hybridization time [39,94]. 
However, the integration of a microfluidic module can increase sample volume 
requirement. For example, introducing the sample at a continuous flow rate of just 20 
μL/min requires 200 µL for a 10 min duration [95]. Furthermore, integration of the 
microfluidic module, if not properly optimized, can lead to leakage problems 
particularly when using high flow rates with PDMS devices [86].    
The bead array technology presented here enables rapid hybridization even 
without active fluidics. By dispensing the buffer over the spotted beads, passive 
hybridization was completed in 10 min, which might be among the fastest times 
reported for passive hybridization. This technology provides several advantages, 
particularly when compared to the bead-based microfluidic device presented in 
Chapter 5. First, the amount of buffer used is small, requiring only 5-10 μL in this case 
as compared to 150-200 μL in microfluidic device. Second, hybridization on the bead 
array chip is carried out easily by dispensing the buffer over beads, whereas the 
microfluidic device required a chip-holder to allow sample introduction. Third, there is 
no need to create microchannels through complex lithographic techniques, unlike for 
the silicon-glass microfluidic device. Fourth, there is no need to be concerned with 
leakage problems that can be present in the microfluidic device.  A potential drawback 
of the bead array chip is that the PM and MM signals are obtained through end-point 
detection, which might be less sensitive than comparing their dissociation kinetics. 
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7.4 Conclusion 
The bead array chip introduced an easy yet effective method to perform nucleic 
acid-based detection down to single-nucleotide specificity. The chip was demonstrated 
for rapid detection of specific bacterial species and SNPs in just 10 min without the 
need for active fluidics. The spatially addressable beads enable multiplexing to be 
achieved without any prior encoding, thus merging the benefits of bead-based devices 
with that of microarray technology. Application of the bead array platform can also be 
broadened to include immunoassays or protein arrays by conjugating beads with other 
biocapture elements such as antibodies. Bead-based immunosensors, for instance, are 
being developed in place of conventional techniques like microtiter plate-based ELISA 
[96] but these devices are still limited in their multiplexing capabilities. The spatially 
addressable bead array allows different bead-immobilized antibodies to be spotted for 
assaying multiple antigens simultaneously. Throughput can readily be enhanced by 
spotting more bead types. Such a device will be extremely useful as a rapid test kit for 
simultaneous detection of multiple antigens in clinical diagnostics. Adopting the 
spatially addressable beads concept onto other such chip-based technologies can help 
to enhance the capabilities of current state-of-the-art. 
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CHAPTER 8 CONCLUSION 
 
 
SNP detection requires platforms that are cost-effective, high-throughput, 
simple to use, while allowing fast access to accurate results. Hence the overall 
objective of this work is the development of a microchip-based device incorporating a 
bead array (i.e. array-on-a-chip, or bead array chip) for the detection of nucleic acids 
that allows (1) the beads and the corresponding immobilized probes to be easily 
identified, (2) rapid detection of only a few minutes, (3) high specificity down to a 
single-nucleotide resolution, (4) potentially high throughput of up to ~1000-plex, and 
(5) ease of use. This objective was achieved through the following: 
1. The development of an imaging system incorporating all the necessary 
components, such as a fluorescence microscope, cooled-CCD camera and 
mechanical shutter, for high sensitivity and real-time detection of both 
monochrome and color signals from the bead array. This imaging system is 
controlled using a LabVIEW-based GUI termed rtBeads that was 
developed through modifying another GUI, LabArray, originally developed 
for microarray analyses in dissociation curve studies.  
2. The development of a microfluidic device incorporating monolayered 
beads for optimizing the kinetics of PM and MM hybridization and 
dissociation on bead-immobilized probes. It was found that PM and MM 
duplexes can be discriminated based on their differential dissociation 
kinetics at an optimized buffer comprising 100 mM NaCl and 50% 
formamide. Using the optimized conditions, this device was further 
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demonstrated for detection of both homozygous and heterozygous SNP 
variants within only 8 min, one of the fastest times reported. 
3. The development of a molecular encoding method for colorimetric 
addressing of randomly ordered beads. This technique was demonstrated 
for step-wise decoding of 12 bead types, through three hybridization steps 
decoding four bead types in each step. The colorimetric address acquired 
by each bead type can be removed by dissociating the hybridized 
complementary QD-labeled ID targets. This technique enhances the 
multiplexing capability in bead-based devices by allowing different beads 
and their corresponding immobilized probes to be easily identified. 
4. The development of a novel polymeric bead array chip that allows arrays of 
different bead types to be immobilized, separated and identified based on 
spatial encoding. Spatial encoding allows the different bead types to be 
easily identified, while it can also be combined with the optical decoding 
technique to further enhance throughput. The bead array chip is simple to 
fabricate and use, requiring only passive hybridization of low samples 
volume (< 10 µL). It was demonstrated for rapid (10 min) and highly 
specific (single nucleotide resolution) detection of model SNPs as well as 
environmentally significant bacterial species. 
 
8.1 Bead array device vs other technologies 
Table 8.1 shows the comparisons between the bead array device and other 
existing technologies. The bead array device provides several advantages over some of 
these technologies. 
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Encoding strategy. The bead array device employs spatial encoding, which prior to 
this has only been applied to microarrays due to difficulties in assigning spatial codes 
to randomly assembled beads. Beads are spatially coded on-chip without the need for 
tedious and time-consuming preparation. The ease of spatial encoding and its potential 
for high-throughput make it more attractive over existing encoding strategies, 
particularly color encoding, that are widely used in bead-based devices. 
 
Throughput. The device can potentially achieve high throughput since many 
different bead types can be immobilized at one location, and this can be repeated for 
hundred or thousands of discrete locations on the chip. Throughput can further be 
enhanced when spatial encoding is combined with the optical encoding/decoding 
method. This is much higher than most color encoded bead-based devices, which has 
so far demonstrated only up to 100 distinct types. However, the bead array device 
might not be able to match the throughput in Illumina’s Sentrix BeadChip (> 100 000), 
which uses a complex series of hybridization and washing for identifying the beads 
based on colorimetric barcoding. Therefore, the bead array device might be most cost-
effective when performing throughput of several hundred types.   
 
Specificity. Specificity of the device is down to a single nucleotide, and the 
PM/MM ratio is mostly > 2, allowing it to accurately detect SNPs and other nucleic 
acids. In contrast, specificity of microarrays is yet to be affirmed, while other 
technologies require highly optimized conditions (e.g. precise thermal control) to 
attain such specificity. 
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Reaction time. The reaction time of 10 min achieved using the bead array 
device is the fastest reported for passive hybridization i.e. hybridization without 
requiring any active fluidics. Other technologies cannot achieve such analytical speed 
without the integration of microfluidics. 
 
Ease of fabrication. Fabrication of the device based on photopolymerization is easy 
and fast (~ 40 min), compared to the complexity of performing photolithographic 
etching. Beads can also be easily incorporated using a conventional pipette. These 
mean that the cost of the device can be minimized. 
 
Ease of use. The bead array device is extremely easy to use, as no microfluidic 
module needs to be incorporated and passive hybridization can be carried out. Also, 
the ease of dispensing the reaction solution over the chip means that there are no 
“world-to-chip” interfacing problems which are commonly encountered in 
microfluidic devices. The required reaction volume is also very low, and the reaction 
is carried out at room temperature, obviating the need for precise thermal control. 
 
Table 8.1 Comparisons between the bead array device, the microarray and other bead-based 
bioanalytical platforms. 
 Bead array device Microarrays Other bead-based 
platforms 
Encoding strategy Spatial Spatial Color or barcode 
 
Throughput* High to very high   Ultra high Medium to high, except 
Sentrix (ultra high) 
Specificity Single nucleotide 
resolution 
To be verified Single nucleotide 
resolution 
Reaction time 10 min Hours 10 min with microfluidic 
mixing 
Ease of fabrication Yes No  No 
 
Ease of use Yes No No             
 
      * Throughput: 20-100 (Medium); 100-1000 (High); 1000-10 000 (Very high); > 10 000 (Ultra 
high)  
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8.2 Future works 
The bead array device has so far been demonstrated using synthetic 
oligonucleotides. One of the planned future works is to demonstrate the efficacy of the 
device using PCR amplicons of actual clinical samples. It has been found that PCR 
amplicons > 200 bases long hybridize to surface-bound probes with significantly 
reduced efficiencies [97]. Therefore, one of the major challenges would be to obtain 
shorter PCR amplicons (< 200 bp) in order to minimize the effects of folding and 
steric hindrances during hybridization to the bead-bound probes. Further, it is 
important to ensure high labeling efficiency of almost one fluorescent dye per 
amplicon, so as to maximize the detectable signal for each bead.    
Another future work is to understand the actual mechanism behind the strong 
attraction between the polyacrylamide gel and the polystyrene beads. Through this, the 
gel matrix can be further optimized or alternative materials can be explored to shorten 
the fabrication time and provide better immobilization of the beads at lower costs. 
Also, the design of the gel matrix can be improved to enhance separation of the beads, 
so that quantitation of the bead signals can be further automated.   
The potential of the bead array chip to be developed into a low cost DNA 
sequencing device should also be explored. One possible application is to perform 
pyrosequencing, a sequencing-by-synthesis method, on the bead array chip. 
Sequencing primers can be conjugated to the beads and immobilized onto the chip. A 
specially designed microfluidic system is then used to dispense and deliver the four 
different nucleotides into the chip in a cyclic order. Incorporation of a nucleotide onto 
the template releases pyrophosphates, which are converted to ATP in an enzymatic 
reaction. The ATP is then consumed by luciferase to produce bioluminescence that can 
be detected by a CCD camera or photomultiplier tube. These reactions are repeated 
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until the sequence from a target DNA has been deciphered. Using the spatially 
addressable bead array chip, a large number of different primers can be conjugated to 
the beads and thereafter easily identified. In this way, hundreds or thousands of 
sequencing reactions can then be carried in parallel to greatly reduce the time required 
for carrying out such reactions.  
Application of the bead array device is not restricted to nucleic acids detection, 
but can also be broadened for the detection of proteins in immunoassays. Instead of 
oligonucleotide probes, antibodies can be conjugated to the beads for the capture of an 
unknown antigen. The number of different antibodies conjugated to the beads can 
further be increased for simultaneous detection of multiple antigens. This provides an 
edge over most existing immunosensors, which are severely limited in their 
multiplexing capability.  
One possible application is for the spatially addressable bead array platform to 
be incorporated onto an immunochromatographic, or lateral flow device (LFD). LFDs 
are very simple to use and currently account for the largest share of point-of-care 
testing devices that are available commercially [98]. It typically consists of several 
layers of membranes, including one for receiving the samples and another for 
containing lines of immobilized capture and control antibodies. Analytes and 
conjugate antibodies from the samples are driven by capillary forces towards lines (or 
beads) of capture and control antibodies. Binding of the analytes to the capture 
antibodies triggers the release of a detectable signal from the conjugate antibodies, 
affirming the presence of the analytes. Instead of being immobilized into lines on the 
membrane, capture and control antibodies can be conjugated onto beads, which are 
then randomly immobilized onto a capture zone. Several types of capture antibodies 
can be conjugated to the beads, and these beads are easily identified through spatial 
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addressing. Existing LFDs are mainly used for qualitative analyses, but when 
combined with the bead array platform, signals from each bead can then be accurately 
determined, allowing it to be employed for more sensitive quantitative analyses.  
In conclusion, the rapid pace of advancement in bioanalytical chip-based 
platforms sees new technologies being incorporated with unrelenting pace. With the 
advantages brought about by each technology, other limitations will arise. For 
example, the development of bead-based devices brings about several advantages, but 
there is then the problem of identifying these beads. Each development, however, aims 
to bring about a greater number of pros than cons, so that eventually, the ideal is 
attained. Hence, the spatially addressable bead array device is a big step taken in the 
direction of realizing the ideal bioanalytical chip-based platform. It is envisaged that 
this development will provide the stepping stone for newer and better developments. 
Still, it remains to be seen whether an ideal would eventually be attained, but each step 
forward nonetheless translates to a betterment of human lives, and therein lies the 
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